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DESCRIPTION OF THESIS

Traditionally it is not common to monitor fermentations closely, especially at the start of 

a process when biomass and product levels are low. Rapid, direct product monitoring is 

also uncommon during fermentation due to the time-consuming sample preparation and 

analysis procedures commonly required. This thesis aims to introduce the concept of 

rapid, direct data availability, and decision-making arising from this, to the early part of 

the fermentation process. If data is available in a rapid manner, decisions affecting the 

outcome of the process may be taken. Thus, conditions deviating from those desirable 

can be detected and appropriate actions taken.

Fermentations have been performed on recombinant Escherichia coli producing a 

constitutively expressed product in both batch and fed-batch fermentation modes. The 

results have been used for fault detection, to ascertain as quickly as possible when an 

abnormal situation arises. Scale-up of fermentation has also been investigated. The 

fermentation of Saccharomyces cerevisiae in fed-batch culture producing an induced 

product has also been investigated, with the results gained used to facilitate modelling 

of the growth and induction phases of the fermentation.

Finally, rapid, real-time availability of product titres throughout a complete production 

process is used to illustrate the ability to describe bioprocesses in terms of product. This 

can be used for fault detection and estimation of the success of unit operations at all 

stages of the process. Also, the techniques used enable mass-balancing throughout the 

process and hence are a tool for increasing process confidence. Possibilities for decision 

making and control based on the data availability will also exist at certain stages within 

the process.
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Enhanced Definition and Process Confidence During Fermentation via Direct Product Monitoring

1 Introduction

Fermentation is one of the most commonly occurring processes in biotechnology, and 

describes any process for the production of a required product by the mass culture of a 

microorganism. It involves supplying a microorganism with a controlled environment 

and all it requires in order to survive and replicate so that a product is formed. This may 

be the biomass itself, or we may require a compound produced by the organism, such as 

a protein. The food and drink industry utilise fermentation processes to produce bread, 

cheese and alcoholic drinks, but perhaps the most lucrative use (in terms of product 

value) of fermentation is in the production of pharmaceuticals and therapeutics.

Most compounds of interest from fermentation are produced by the cultivation of cells, 

which are subsequently discarded to leave just the product required. However for 

therapeutic material, this may involve extensive processing downstream of the 

fermentation in order that a compound of acceptable purity is available. Here the 

greatest cost of a process is often in the downstream processing (DSP) to purify the 

compound of interest.

Differences in processing also arise depending upon whether the compounds of interest 

are extracellular or intracellular, and also at which stage of the organism’s life cycle the 

compound is produced.

Because of the complexities inherent in obtaining products from biotechnological 

routes, there is a large demand for automated monitoring and control of systems during 

the production process. This was realised almost immediately, and the goal of 

automated sampling and analysis, to deliver information in a rapid manner enabling 

process control has been studied many times over the last decade (Sonnleitner, 1992; 

Schügerl, 1993; Ramanathan, 1999). However, although techniques and sensors have 

been developed throughout the last decade, actual application to processes external to 

the research environment is scarce. Many of the techniques employ sophisticated 

sampling or analysis systems that would not be robust enough for a production 

environment. Also, industry is loath to pick up new technologies which will cost large
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amounts to implement both in capital cost and also operator education and training. One 

of the main reasons is that until new methods are shown to have the robustness and 

reliability that is required in an industrial environment, then the technique will never be 

applied in an industrial situation. There is also the attitude that the traditional sampling 

and analysis would have to be carried out in parallel to the new analysis system anyway 

to prove the results, and so the old tried and tested methods remain in use.

1.1 Underlying Challenges in Fermentation

There are several problems inherent in fermentation that must be overcome in order that 

production of compounds of interest can occur. The major factor is that biological 

systems are by nature variable, and so actually developing the fermentation so that it is 

reproducible is the first hurdle that must be dealt with. This is helped by the fact that 

fermentation takes place in a controlled, contained environment. Reproducibility will be 

discussed later because it has impacts on product recovery and also process validation.

The fermentation must also be uncontaminated i.e. have only the organism of interest 

present. Depending upon which organism is to be used, different reactor types may be 

considered (stirred tank, airlift etc,), and also different modes of reactor operation 

(batch, fed-batch, continuous, aerated/non-aerated). All of this development work is 

performed in small-scale reactors, and a certain configuration is found to be the 

optimum and all further development work is performed on this choice.

1.1.1 Product Concentration

This is the major factor governing any process decision. A low-yielding fermentation is 

undesirable, and so whilst development work initially rests on trying to get optimum 

growth fi"om the organism, the bulk of fermentation development is concerned with 

optimising production of the desired compound. The most important historical means of 

achieving this has been through strain improvement, growth medium development and
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improvements in nutrient feeding. However, the developments in bioprocess monitoring 

and modelling and control made in recent years have also had an impact.

The advent of recombinant DNA technology has also meant that higher product levels 

are more easily available, simply by infecting an organism (usually E. coli or yeast) with 

DNA from another organism which codes for the product required. Thus products from 

higher cells (such as mammalian cells) can be produced in microorganisms. Although 

this technique may lead to debilitated cells, product concentration is so much higher that 

fermentation times can be shortened, and downstream processing may be improved. The 

debilitation of the cells may also be advantageous if  the product is intracellular and a 

disruption stage of some form is required in initial downstream processing in order to 

release the product.

1.1.2 Plasmid-based Expression

Most cells are transformed to produce a product of interest by utilising a plasmid vector 

to transfer the relevant DNA into the cells. There are many different types of vectors 

available for use, but they fall into roughly two categories: constitutively expressed 

systems where product expression occurs at all times, and inducible plasmids where 

cells are cultivated to a certain biomass level and the plasmid is then induced, forcing 

the cells to make the product of interest.

Plasmid stability is an important factor in production of the required compounds. There 

are two types of instability which are important - structural instability and segregational 

instability (Park et a l, 1990). Structural instability relates to the process of insertion, 

deletion and rearrangement of DNA over generations (i.e. mutation). It is hard to detect 

as it results in cells within the population having the same growth characteristics and 

phenotype of perfect plasmid-carrying cells.

Segregational instability is a more common problem, resulting from deficient 

partitioning during cell division, and has been shown to increase at high specific growth 

rates. High copy number plasmids generally show poor stability and are generally shed
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over the course of a fermentation. This is because of two effects; cells containing fewer 

plasmids will have a competitive growth advantage over those containing many copies 

(Murrell, 1997); also, over the time course of a fermentation, average plasmid numbers 

per cell will fall due to the lack of time for each daughter cell to return to a full 

complement of plasmid before the next division cycle begins. Segregational instability 

will thus lead to a fall in plasmid copy number over time, meaning a reduction in 

product expression may be seen.

The inclusion of antibiotic resistance markers into plasmids obviously helps to reduce 

the effects of segregational instability on production, because cells shedding their full 

complement of plasmid will be unable to survive in antibiotic containing media. 

However, while this approach will ensure all plasmid is not shed, it will not fully ensure 

that plasmid copy number remains high all the way through the fermentation.

Fed-batch fermentation is another way to increase product concentration. The 

fermentation is started in a similar way to batch fermentations, but when a limiting 

nutrient is expended, this nutrient is fed into the vessel. The rate of feeding provides 

control over the organisms’ growth rate, and so product formation can be controlled to a 

certain extent (Lee and Bailey, 1983; Pan et a l, 1987; Park and Ryu, 1990; Strandberg 

et al., 1994).

1.1.3 Contamination

Fermentation processes rely on the cultivation of a single organism and so 

contamination by other organisms is discouraged. Contamination can lead to 

competition for nutrients so less product is available at the end of the process. Also, 

contaminating organisms may degrade product as it is formed, or may even attack the 

required organism. Thus a great deal of effort is expended to ensure fermentations are 

not contaminated. All equipment to be used is sterilised (usually by heat) and 

maintained in a sterile condition until use. Also, any work performed i.e. streaking 

plates, inoculating shake flasks etc. must be performed aseptically, usually in a laminar 

airflow cabinet or in the presence of a flame.
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Air supplied to the vessel is sterilised by depth filtration so that contaminants cannot 

enter the vessel through this route. Medium is usually sterilised in situ by heat, but can 

be sterilised by filtration into the sterile vessel, or ex situ by heat. Certain compounds 

which cannot be heat sterilised (such as antibiotics) may be filter sterilised into the 

vessel.

1.1.4 Containment

This is an important issue, mainly because of the widespread use of genetically modified 

organisms. Previously, fermenters have been designed in order to prevent ingress of 

contaminants into the vessel. Nowadays the vessels must also be designed to prevent 

release of genetically modified organisms into the environment. The engineering 

considerations of this approach can have serious consequences for production, for 

example the use of double steam tracing, which keep addition ports etc. sterile with 

constant flowing steam. However, it is impossible to know if the inner o-ring is worn 

and causing a leak into the vessel.

1.1.5 Reproducibility for Product Recovery

This encompasses not only the reproducibility of growth of the cells, and the control of 

the environment in the vessel, but also the production of the desired compounds. It is 

obviously easier to adhere to a defined process every time a production run is performed 

than to change the processing schedule because product is more/less plentiful, 

extracellular/intracellular etc. because the process is not reproducible enough. Batch 

records and Good Manufacturing Practice (GMP) are an aid to reproducibility of 

processes, whilst also documenting process parameters at each stage.

The effect of process changes during fermentation can have drastic effects during 

downstream processing operations. For example, leaving cells to grow into stationary 

phase means that the cells will become much tougher, meaning if a disruption stage of 

some sort is required, much more force will be required. Hence it can be seen that for a 

fermentation process to be reproducible, it is necessary for all parameters to be the same
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every time. It is not always possible to adhere to this, and so it is not possible to have a 

completely reproducible fermentation. Because we are dealing with a biological system, 

which is stochastic by nature, i.e. the process is inherently variable, relatively minor 

deviations from protocol can lead to drastic changes in production. This in turn may 

impact on the rest of the processing.

Also, process performance can differ greatly between scales, and scale-up is necessary 

to go into production. This can create problems when translating the process from pilot 

plant scale to production scale. For example, the first consideration in fermentation 

would be mixing problems in larger vessels, and the mass transfer effects that are 

associated with this. Also, downstream, larger volumes are present which may lead to 

longer processing times.

1.1.5.1 Validation and Batch Records

The FDA definition of validation is establishing documented evidence which provides a 

high degree of assurance that a specific process will consistently produce a product 

meeting its predetermined specifications and quality attributes (Tetzlaff, 1992). The use 

of process validation and batch records is therefore a way of minimising the inherent 

variabilities encountered when using biological systems. When producing 

pharmaceuticals, therapeutics, and, to a lesser extent, enzymes, certain product purity 

levels must be achieved. Batch records, in conjunction with standard operating 

procedures (SOPs), ensure that each process follows a predetermined route. Any 

deviations from the process are noted, so that all material produced can be proved to 

achieve the purity and quality criteria determined for it.

Processes that produce this material have to be validated, in order that the FDA are 

satisfied that the material produced is not harmful, and also that the material is as pure 

as required. The validation process usually involves the application by the company for 

a license to market the product. Three phases of clinical trials have to be passed, and the 

process must be able to produce material in five concurrent manufacturing runs for the 

clinical trials.
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Production plant producing the material also has to be validated. The validation has 

three phases according to Naglak et al., (1994):

Installation Qualification - the establishment that the equipment is properly installed 

Operational Qualification - confirming the equipment operates within established 

limits and tolerances

Performance Qualification - establishes the equipment performs reliably and 

reproducibly through its operating range

In addition, every instrument must be calibrated before formal validation studies begin. 

Computer Qualification (CQ) may also be performed ensuring all associated computers 

and automatic controllers operate reliably. This is where automation can become 

unwieldy, because software is logic based and is difficult to test adequately. Programs 

that contain too much code may not be able to be validated because error checking 

becomes difficult, and the spotting of bugs in the programs becomes impossible.

1.1.5.2 Ease o f  Operation

The aim of all of the documentation is to make it easy to check the nature and origin of 

any batches of product, and for the legislating authorities to ensure standards are 

adhered to. However, there is another side to the use of process validation. It actually 

facilitates process reliability and reproducibility. In addition, the use of SOPs in effect 

provides processing ‘recipes’, enabling the employment of semi-skilled operators. Batch 

records provide an effective history of any batch, and are signed off by the particular 

operator working at the time, thus enabling easy identification of process variations and 

the personnel involved.

The control of processes is also facilitated by the use of validation. For example, 

automated chromatography systems are now available from Pharmacia which require 

authorisation from operators for each processing option and print out the batch records 

required for each stage (D. Thatcher, personal communication). All monitoring 

information is thus more easily incorporated into the batch records.
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1.2 Monitoring - Information on Fermentation

Many methods are used to gain information about the progress of a fermentation. 

Physical variables such as pH, temperature, dissolved oxygen tension (DOT) etc. have 

normally been monitored in situ and as such have been used as crude feedback control 

parameters for the process. Measurement in the fermentation broth of variables directly 

related to performance is difficult, and is usually performed off-line meaning that 

fundamental knowledge of metabolic interrelations is limited (Locher et a l, 1992). 

Instances of use of in situ sensors for biological variables such as biomass and protein 

concentrations have traditionally been rare, usually because the sensors are more 

complex and less robust than sensors for physical parameters (Sonnleitner et a l, 1992). 

However, this has changed over the past years with employment of sterilisable biomass 

and substrate probes and biosensors (Bradley et a l, 1988, 1991; Mulchandani and 

Bassi, 1995; Phelps et a l, 1995).

Reviews of monitoring principles and techniques have appeared regularly over the past 

few years, with the papers by Locher et a l (1992), Sonnleitner (1991, 1992), Royce

(1993), Montague (1989), van de Merbel et a l (1996) and Mulchandani and Bassi 

(1995) being of special interest. However, different authors have taken different ways of 

representing the monitoring methods available, and so it is necessary to define 

appropriate terms before discussing the various monitoring techniques.

On-line measurements occur in situ, i.e. within the fermenter. These include the 

physical parameters such as pH, temp., DOT etc., but recent developments have led to 

the in situ biomass probe, which uses conductivity changes of the medium to calculate 

the amount of biomass present. These types of measurements are generally fast ( < 1 

second) and as the rate of data acquisition of these readings is normally 1 - 5  seconds 

(Royce, 1993) for direct digital control (DDC), then these measurements are ideal for 

this purpose.
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While many methods are used to gain information during fermentation, the instances of 

direct product information monitoring within real-time to give information on process 

progress is relatively rare.

There are a plethora of techniques used giving information not directly related to the 

variable(s) of interest and these are represented in Table 1.1.

The techniques which may be applicable for use in direct product monitoring are 

indicated within the table. On/off line uses are also indicated. What follows is a brief 

overview of the most interesting aspects of these techniques.

Examples of direct information may include protein concentration, metabolite 

concentration, dry cell mass etc. Most analyses of this type have historically been 

performed off-line due to the complexity and/or time required for the analysis. It must 

be stated however, that the definition of direct/indirect information changes according to 

the parameter of interest. In a biomass production stage, dry cell mass (DCM) is a direct 

measurement. However, when producing protein, DCM may become indirect 

information and protein assay results become the direct variable monitored.

Off-line measurements involve withdrawing a sample from the vessel and performing 

the relevant measurement. This can be anything from an OD measurement to a complex 

enzyme assay. These manual off-line analyses will not typically provide the timely 

results necessary for real-time control of fermentation (Forman, 1991) due to the 

analysis times involved which can last as long as several hours to days.

At-line measurements are a subdivision of on-line monitoring. A sample is drawn fi*om 

the vessel and is automatically examined for the relevant parameters. This has been 

implemented in recent years as a way of monitoring complex biological variables more 

quickly, for example with the use of flow injection analysis (FLA) systems and 

biosensors, and provides a faster result than off-line measurements. The implementation 

of computer control for automated analysis has greatly facilitated the large increase in 

at-line monitoring seen in the last ten years.
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Indirect information is information that uses correlations to give an idea of what is 

occurring during the process. This includes all physical measurements, and also such 

variables as oxygen uptake rate (OUR) and carbon dioxide evolution rate (CER) which 

together can be used to estimate the metabolic state of the cells within the fermenter. 

Generally, correlations can be used from most indirect measurements to give an 

approximate understanding of what is occurring in a reactor.
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Monitoring
method

Direct/Indirect
Information

On-line
Information

Comments

Dry Cell Mass Direct X Requires a time period of several 
hours. Biomass monitoring.

Fluorometry Direct x / y Relies on NADH/NADPH 
fluorescence. Biomass 
monitoring.

Flow Injection 
Analysis (also Stop 
Flow Analysis)

Direct x / y Versatility allows use with many 
detector types.

Mass Spectrometry Direct / Multiplexing o f sample streams 
possible, variety o f substances 
detected at once.

Liquid
Chromatography

Direct X / / Mainly HPLC. Monitoring of 
specific compounds.

Gas
Chromatography

Direct x / y Monitoring o f specific 
compounds.

Biosensors Direct X Many diverse applications. Not 
robust.

Field Flow 
Fractionation

Direct X Also used for separations. 
Specific compound monitoring.

Nuclear Magnetic 
Resonance

Direct X Complex and expensive. Can 
distinguish specific compounds.

Temperature Indirect / In situ.
pH Indirect / In situ.
Pressure Indirect / In situ.
DOT Indirect V In situ.
dC02 Indirect / In situ.
OUR Indirect / Measured by MS.
CER Indirect / Measured by MS.
Turbidity Indirect X Not always accurate. Biomass 

monitoring, now becoming on
line with a new generation of 
sterilisable probes.

Redox Potential Direct X / / Useful in conjunction with 
fluorescence.

Electrochemical
Methods

Direct X Characterisation o f medium 
composition in complex 
fermentations.

Calorimetry Indirect X Biomass estimation is main use.
Viscosity Indirect X Useful in mycelial culture for 

biomass estimation.
ATP Indirect X Useful for evaluation o f cell state.
Filtration Indirect X Biomass monitoring.
Acoustic Resonance 
Densitometry

Indirect X Biomass monitoring.

Flow Cytometry Indirect X Versatile, high expense. Biomass 
monitoring.

Table 1.1: Monitoring Methods
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1.2.1 Sampling to Facilitate Rapid Fermentation Analysis

For any analysis of the contents of a fermenter, a sample must be withdrawn from the 

vessel (aseptic environment) to an external environment (which may or may not be 

aseptic). This involves exposing the vessel to a high risk of contamination. Sampling of 

vessels requires good mechanical design and good operator practice to ensure sterility of 

the vessel is maintained (Leaver and Hambleton, 1992). A good sampling system also 

doesn’t disturb the process, is easy to use and has good stability over a long time period 

(Ritzka et al., 1997). Nearly all sampling devices have been designed with sterility 

maintenance, protecting against contamination. However, containment issues should 

also be addressed when sampling fermentations of recombinant organisms in order that 

genetically manipulated organisms and material are not released from the production 

vessel.

Samples must also be representative of the broth in the vessel. This means any dead 

volume and/or steam condensate in the sampler must be flushed out before the true 

sample is taken (Marshall et a l, 1990 a). This means that broth is wasted, and sample 

volumes can be excessive. Unless the sample is assessed immediately, some form of 

storage system is also required (usually in the form of keeping the sample on ice to 

reduce metabolic activity).

Contained sampling systems have been designed, but can be complex. One such system 

was described by Marshall et al. (1990 b) which consisted of eight separate valves, and 

the complexity of the system easily lead to operator error. In this case, automated valve 

switching was required.

For off-line analysis, manual sampling devices may be used. These are normally of a 

hooded type, or are sterilisable bottom valves which are used on larger pilot fermenters. 

Some of these units are available for remote operation, but none seem to be available for 

automatic unattended operation (Seifert and Matteau, 1987). Also, these sampling 

systems can lead to excessive sample volumes, which can lead to volume reduction in
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low-volume fermentations. Manual operation of these systems for short fermentations 

(less than 24 hours) is also inconvenient.

When considering on or at-line analysis however, it becomes necessary to have 

continuous or rapid sampling in order that rapid monitoring can be performed, 

especially when considering the use of the monitoring for control purposes. This section 

of the introduction concentrates upon sampling for automated at-line analysis, thus the 

devices discussed are automated sampling systems.

1.2.1.1 Cell-Free Samples

When sampling for analysis of fermentation medium or secreted compounds, it is an 

advantage to remove the cells, which may interfere with the analysis and falsify results. 

Indeed, when performing off-line analysis of medium components etc., aliquots of the 

samples are usually centrifuged to remove solid components.

1.2.1.1.1 Sampling Using Filtration

Lorenz et al. (1987) and Mattiasson and Hâkanson (1993) discussed sampling devices 

in relation to fermentation technology. Devices using microfiltration and ultrafiltration 

technology have been used for some years. The filters can be placed either in situ or 

external to the bioreactor.

Microfilters inside the reactors have been placed near the impeller, using the tangential 

liquid flow to sweep the filter clean (Lorenz et a l, 1987). However, the filtration 

velocity decreased over time, and backflushing was required periodically. Sampling 

with ultrafiltration has been applied to culture of Pénicillium chrysogenum, but 

problems encountered with blinding of filters and the fact that cellulytic material could 

not be used because Pénicillium is a cellulase producer meant that a novel device had to 

be designed. Other researchers using internal filters were Bayer et a l, 1986; Moller et 

al.. 1986.
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Filtration outside the fermenter has been implemented many times in recent years, 

particularly in conjunction with FIA (Brand et a l, 1990; Schmidt et al., 1984, 1985 

Luli et al., 1987; Stamm et a l, 1989; Chung et al., 1991; Filippini et a l, 1991 

Recktenwald et a l, 1985; Valero et a l, 1990; Gam et a l, 1989; Forman et a l, 1991 

Shu et a l, 1995; Carlsen et a l, 1993; Zhang et a l, 1998). Also of interest has been 

application of external sampling loops with HPLC, biosensors, analyte-specific 

analysers and fluorescence probes (Dinwoodie and Mehnert, 1985; Niehoff et a l, 1986; 

Favre et a l, 1990; Lundstrom et a l, 1990; Scheper et a l, 1991; Valero et a l, 1990., 

1991; Nilsson et a l, 1994; Ozturk et a l, 1995; Rank et a l, 1995). In most cases, a 

peristaltic pump is used to provide flow through the filter, and the filtrate (cellular 

material) is usually recycled back to the fermenter. Mattiasson and Hâkanson (1993) 

stated that in designing systems for sample filtration outside the fermenter, aspects such 

as the risk of fouling in the conduits, contamination, oxygen deprivation, pumping 

systems and shear stress on the cells need to be taken into account. High tangential flow 

across the membrane reduces the fouling risk associated with filtration and allows 

continuous permeate collection. In all cases, analyte transmission efficiency across the 

membrane must be determined. Dead-ended filtration can also be used, but is less 

common, because build up of a filter cake can lead to less efficient filtration. This also 

results in removal of cells from the reactor.

The great advantage of using an external sampling loop in this way is that when 

filtration problems occur it is possible to intervene without halting the fermentation or 

compromising the sterility of the system.

1.2.1.1.2 Sampling Using Dialysis

Dialysis can also be in or ex situ. In situ dialysis consists of the unit inside the vessel, 

with the receiving dialysis buffer circulated on the permeate side of the membrane 

(Mattiasson and Hâkanson, 1993). However, deposition of cells on the fermenter side of 

the membrane can foul the system and slow the dialysis process. This can be avoided by 

placing the dialysis cell in an area of the vessel where fluid velocity is high, such as 

under the impeller.
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Dialysis has also been incorporated into SFA/FIA rigs, in order to remove cellular 

debris and macromolecules after cell disruption during the monitoring of intracellular 

compounds (Steube and Spohn, 1994; Blankenstein and Kula, 1991; Ahlmann et a l, 

1986).

1.2.1.1.3 Centrifugation

Providing a small high speed centrifuge is available, whole broth may be taken from the 

reactor and the cells spun down. Turner et a l (1994) utilised a microcentrifuge to 

remove cells fi-om whole broth, and the cell-free medium was then subjected to HPLC. 

The signal from the HPLC was then used to control a galactose feed to the fermenter, 

and also to prevent build-up of acetate. Microcentrifugation has also been used during 

monitoring of downstream processing, and for control of flocculation (Chard et a l, 

1994; Habib et a l, 1997; Habib, 1999). The microcentrifuge used was completely 

automated - sampling, sample preparation and cleaning ready for the next sample were 

all controlled meaning the system could be run in an ‘unsupervised’ manner.

1.2.1.2 Sampling o f Whole Broth (for Intracellular Products)

The sampling for analysis of intracellular compounds is not much different to the 

sampling for extracellular analytes. However, what must be considered is that a cell 

disruption stage of some sort must be incorporated into the analysis system. This means 

that cellular debris will be present in the sample, and methods of removal are then 

required. Methods used have been dialysis membranes incorporated into FIA rigs 

(Steube and Spohn, 1994; Blankenstein and Kula, 1991; Ahlmann et a l, 1986), dilution 

(Valero et a l, 1992; Kracke-Helm et a l, 1991) and laboratory centrifugation during off

line analysis (Cairo et a l, 1991; Gill, 1996) for removal/reduction of cell debris.

Metabolic inactivation when sampling whole broth is advocated by Mattiasson and 

Hakanson (1993) in order that metabolism does not interfere with results while 

processing samples. This has also been utilised by Nielsen et al. (1989 a and b; 1990). 

However, during on-line analysis, as in six of the references quoted above, sample
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preparation occurs within five minutes, and cellular breakage then occurs, with analyte 

detection occurring within fifteen minutes of sample withdrawal from the vessel. As we 

consider a cellular doubling time of twenty minutes to be the fastest achievable, and 

with recombinant organisms the doubling time is much longer than this, then a time 

firame of fifteen minutes is acceptable.

1.2.1.3 Sterile Linkage

One of the concerns when monitoring fermentations is that contamination can set in. 

The more often a vessel is sampled, the more likely this can occur, because it is at the 

sampling device that contamination is most likely to happen. This means that automated 

analysis systems can only be connected to fermenters if the probability of an infection 

through the sampling device can be made small enough. Most sampling systems 

reported are steam sterilisable, and so risk of contamination is small. This is helped by 

having very simple samplers, where little can go wrong.

An automatic sampler which is steam sterilised after every sample has been reported 

(Reda et a l, 1991), which is more applicable to an industrial monitoring situation, 

where the use of recycle loops precludes process monitoring due to the associated risk 

of contamination.

Appelqvist et al. (1989) suggested a chemically sterilisable barrier to protect fermenters 

during automatic sampling into an FLA rig. The setup consisted of two three-way valves 

through which a sample was withdrawn from the fermenter into the analyser. The valves 

then switched to an external solution of 5% formaldehyde, which prevented intrusion 

into the fermenter, whereas using water as a control did not.

Ghoul et a l (1986) described an automatic and steam sterilisable sampler consisting of 

a recirculation loop with filtration to remove cellular material. Strudsholm et a l (1992) 

utilised a sampling system developed firom a hospital blood collection system. A 

recirculation loop was used to degas fermentation broth, because the aerated broth 

caused sampling problems. With sufficiently fast circulation, the degassed broth was
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representative of the fermentation broth. A sample needle was used to withdraw 

samples from the degassed reservoir into bottles on a fraction collector. The 

configuration of the needle was such that only when introduced into the vacuum in the 

bottles would the fluid be deposited, so sterility was maintained.

Picque and Corrieu (1992) reported the use of two sampling systems based on filtration, 

which were sterilised in situ. Contamination problems were not reported. Seifert and 

Matteau (1987) used a system based on a three-way valve, and the system could be 

sterilised separately from the fermenter, or in conjunction. Contamination problems 

were not detected. A pump was used to withdraw samples from the fermenter, with the 

first part of the sample diverted to waste to flush the needle. Use of small bore needles 

meant that sample volumes could be kept small.

Turner (1992; 1993) used a novel sampling device which could be steam sterilised 

before and after a sample was taken from the fermenter. A docking device was used into 

which a piece of pre-sterilised tubing was placed. This tubing was connected to the 

fermenter to allow samples to be taken. The outside of the tubing was steam sterilised 

inside the docking device, and then cut using a lever, allowing passage of a sample from 

the fermenter through the sampling device and on to further treatment. The total volume 

of sample required to allow flushing of the system and a representative sample to be 

taken was 6mL. This compares favourably with larger sample volumes taken when 

sampling manually.

1.2.2 Monitoring Methods

Paliwal et al. (1993) stated that process monitoring is a necessity within 

biotechnological processes, and is mandatory to meet the conditions set by the majority 

of regulatory authorities. Rapid data availability is also a must, it is paradoxical that QC 

measurements may be carried out many hours after processing has ceased. This 

precludes the possibility that the monitoring can be used to direct or control the process, 

and leads to long holding stages within a processing scheme. This is echoed by Ritzka et
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al. in 1997, where it is stated that in the past the analytical part was separated from the 

fermentation control stage, but they are now becoming more integrated.

Indirect monitoring has been used as a way of maintaining a stable environment within 

fermenters since it was realised that environmental variables such as pH, temperature 

etc. have a direct effect on the growth and productivity of microorganisms. The methods 

displayed in Table 1.2 include all the normally monitored variables of a fermentation, 

and also some advanced techniques whose potential is just beginning to be realised. 

Some of the techniques mentioned are utilised simply to maintain a stable environment 

for the growth of the culture, whereas others give an indication of what is occurring 

metabolically in the population.

It should be stated that although this thesis is mainly interested in direct product 

monitoring, other novel uses of existing techniques are also continually developed. As 

an example of this : an interesting method of controlling fed-batch feed rate to a culture 

of Saccharomyces cerevisiae has been developed by Oh et al. (1998) where precise 

measurements of dissolved oxygen are required. The researchers used a perturbation 

response program in order to determine maximum substrate uptake rate (MSUR), and 

this value was then used to control feed rate to the vessel. Simply, substrate feed is 

interrupted to the vessel, and complete depletion of the substrate is detected by a rapid 

increase in DOT. At this point a controlled amount of substrate is fed into the vessel and 

the DOT monitored closely. When this pulse of substrate is depleted the DOT again 

rises, and from the time taken to consume the pulse of substrate, the MSUR can be 

calculated. The MSUR calculation was performed every 30 minutes throughout the 

feeding stage of the fermentation.

It can be seen from Table 1.1 that aside from the online variables commonly monitored, 

most other indirect measurements are concerned with biomass estimation. While this is 

an important aspect of monitoring the progress of a fermentation, it should also be 

obvious that if  biomass is not the required product then nothing is learnt about the 

success (or otherwise) of the fermentation. This theme of biomass monitoring is also
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continued in Table 1.2, where references of each technique presented and some 

commentary on the applications are provided.

Biomass monitoring has been performed in real-time by most of the methods 

highlighted in Table 1.2 and are explained in greater depth by Konstantinov et al.

(1994) with regard to animal cell culture. However, indirect methods such as OUR and 

CER have also been used to infer biomass production (Wu et al., 1989) for on-line 

estimation of cell mass. On-line spectrophotometric quantitation has also been 

performed by Coppella (1990) using a fermentation recycle loop with gas debubbler, 

which had little effect on cell viability due to the low residence time in the loop. Marose 

et al. (1999) reviewed the use of optical density probes, which are the most universally 

applicable in situ devices. However, they have drawbacks because they don’t distinguish 

between viable and dead cells and they are also susceptible to bubbles and surface 

fouling.

From these on-line analyses it is possible to develop automation strategies for 

fermentation, feeding, and also harvest and growth end-point detection. Open-loop 

feeding strategies can be replaced by more reliable closed-loop algorithms 

(Konstantinov fl/., 1994).
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Variable Measured by On/off

line

Comments References

Pressure Pressure transducer On line Control o f sterilisation, partial pressures Schügerl, 1991 b

Temperature PT-100 probe On line Control Schügerl,1991 b

pH pH probe On line Control, indication o f lysis Bailey and Ollis, 1986

d02, dC02 Ingold probes On line Control, information Royce, 1993

OUR, CER, RQ Mass spectrometry On line Metabolic information Royce, 1993

Metabolism

(ATP)

Luciferin oxidation Off Indicator of metabolic state Sonnleitner, 1992

Biomass Optical density On / off Biomass estimation, affected by bubbles Sonnleitner, 1992 

Nielsen, 1990

Biomass Calorimetry On Gives estimate o f biomass concentration Sonnleitner, 1992

Biomass Viscosity Off Can give conc. And morphology Sonnleitner, 1992

Biomass Filtration Off Limited to organisms generating large filter cakes Sonnleitner, 1992

Biomass Flow Cytometry Off Gives statistically relevant data. Tedious staining 

procedures required.

Sonnleitner, 1992 

Degelau, 1992

Biomass ARD Off Only useful when average cell size remains constant 

during fermentation

Sonnleitner, 1992 

Konstantinov, 1994
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Table 1.2; Normally monitored parameters and some more advanced monitoring techniques used during fermentation.
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There are other techniques used in fermentation monitoring, which, may provide little 

direct product information but may still be useful for providing information on the 

fermentation - for example in assessing concentration of medium components. These 

more important techniques warrant more of a discussion than those presented earlier, 

and relevant articles from literature are thus presented. It is also obvious that some of 

these more advanced techniques may also be used for direct product monitoring.

1.2.2.1 Chromatography

Both liquid and gas chromatography have been applied to off-line analyses of 

biotechnological samples for some time, but on-line use is now developing. This 

provides faster results which can be utilised for process control. In theory, any 

fermentation or chemical process for which an HPLC assay exists may be more 

effectively monitored and controlled using systems developed as long ago as 1984. 

Advantages of the use of HPLC are that more than one component can be discriminated 

at the same time. Schügerl (1988 a) states that only on-line HPLC and some flow 

injection analysers meet the long-term reliability requirements needed for on-line 

monitoring.

The technique has mainly been used for analysis of cell-free samples to ascertain 

medium component concentration and simple organic molecules such as organic acids 

(Gregory and Turner, 1993). However, the utility of chromatography coupled with 

advanced sampling techniques means that extracellular products can also be detected. 

Introduction of cell breakage methods would also enable the application of monitoring 

intracellular components.

1.2.2.2 Nuclear Magnetic Resonance Spectroscopy

This technique is suited for non-invasive investigation of biochemical structures, 

pathways and enzymatic mechanisms rather than for quantitative determination of small 

molecules ( Locher et a l, 1992) and has been used mainly for structure determination of 

complex molecules. NMR relies on the resonance of certain atomic nuclei, which, when
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placed in a strong magnetic field and exposed to high frequency electromagnetic 

radiation, react in a way that allows the compounds to be identified. NMR has been used 

to determine animal cell concentrations in a hollow-fibre reactor by using ^^Na 

resonance (Konstantinov et ah, 1994). This was insensitive to changes in the 

physiological condition of the cells. The results correlated well with other cell 

concentration evaluation methods

1.2.2.3 Mass Spectrometry

This has been applied mainly for the on-line detection and quantification of gases. The 

detection principle allows for simultaneous monitoring (and hence control) of important 

metabolites (Locher et al., 1992). Although the equipment required is expensive, many 

compounds can be monitored at once. Many fermenter systems now utilise MS for off- 

gas analysis, which enables the metabolic state of cells to be estimated through the 

indirect measurements of OUR and CER, as stated earlier.

Monitoring is not limited to OUR and CER though. Hydrogen, nitrogen, methane etc. 

can also be measured, as can volatiles such as alcohols, acetonin and butanediol (Locher 

et al., 1992).

1.2.2.4 Near-infrared (NIR) Spectroscopy

This can potentially he used to detect biomass, nutrient and by-product in unprocessed 

broth samples within 2 minutes of sampling a fermenter (Macaloney et al., 1997). Most 

applications, however, have to date been of the off-line application of the technology 

(Doak and Phillips, 1999). The merits of the technique seem to be the analysis of 

complex mixtures, however the interpretation of the complex raw data requires complex 

chemometrics. Also, the gross changes in concentrations of analytes places considerable 

demands on model robustness (Macaloney et al., 1997).
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1.2.2.5 Biosensors and Biochemistry Based Systems fo r  Analysis

Biosensors are man-made sensing devices which combine the specificity of 

biomolecules with the signal transducing and processing capability of components of 

electrical and/or optical origin (Mulchandani and Bassi, 1995). The biocomponents used 

offer unique properties of specificity. The biocomponents used may be enzymes, 

antibodies or even whole cells.

Biosensors and biochemistry/immunochemistry based systems find application in the 

measurement of non-volatile medium components (substrates, products, metabolic 

intermediates) where the traditionally used techniques often have problems concerned 

with specificity of analysis, interference from other components present, opacity and 

colour (Bradley e/a/., 1991).

An example is glucose electrodes for in situ monitoring which are based on glucose 

oxidase, and there are two types which offer a solution to an oxygen supply problem to 

the enzyme. Mechanical solutions are to use an externally buffered glucose electrode 

with oxygen compensation, or to use a sandwiched glucose-oxidase electrode. The other 

solution is to use a system in which the requirement for oxygen is removed, by replacing 

the oxygen with an electron mediator such as ferrocene.

The main disadvantage of biosensors is their inability to withstand sterilisation because 

they contain biological components and also the presence of large amounts of 

interfering substances (Liidi et al., 1992). In situ monitoring with biosensors is thus rare 

(Mulchandani and Bassi, 1995; Marose et al., 1999). The main application of biosensor 

technology for rapid data availability utilises FIA systems and the provision of cell-free 

samples to the sensors to obtain results. It is obvious that as extra sample pretreatment is 

needed to deliver intracellular components to sensors of this type, they were evaluating 

extracellular compounds.
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1.2.2.6 Flow Injection Analysis (FIA) and Stopped Flow Analysis (SFA)

FIA has proven to be useful method for on-line process monitoring and control (Liidi et 

al., 1992), but implies the use of an instrument containing a sampling device, valves, 

pumps, detector, reagent bottles etc. as an additional system to the bioreactor. The 

technique offers fast, selective analysis on request, based on classical wet chemistry 

(Gam et al., 1989). FIA systems are flushed with a continuous flow of substrate-free 

buffer which is intermpted only by a short pulse of the medium, meaning no extensive 

protein precipitation or micro-organism growth can occur (Schügerl, 1988 a). FLA also 

offers a high sample throughput, large dynamic range and low consumption of reagents 

(Cairo et al., 1991). Traditional automatic analysers are rapidly being replaced by FIA 

systems due to reliability, speed and flexibility of the technique. The versatility of FLA 

can be seen from the fact that over 800 papers were published on the subject in the ten 

years after it was first developed (1975-1985) (Ruzicka and Hansen, 1986), and there 

are now far more publications, with new ones appearing rapidly. By far the largest area 

covered in the literature is monitoring of fermentation by medium analysis.

Detection principles used in conjunction with FLA cover a wide range - 

spectrophotometry, chemiluminescence, fluorimetry, mass spectrometry, atomic 

absorption, flame emission, refractive index measurement, calorimetry, electrochemical 

techniques, (Ogbomo et al., 1990) and biosensor based applications.

Schügerl (1988 a) identified possible faults with FLA systems with respect to on-line 

monitoring of medium components, and the use of biosensors. Adaptation of the 

instruments on the culture medium and the validation of the signal can take several 

months of systematic investigation. The paper deals with extracellular analysis and, as 

such, details filtration to provide cell-free samples, and faults discussed include change 

of permeation rate through the filter during the life of the process, and the 

decomposition of medium components while in long (> Im) connections between the 

sampler and analysis system.
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Signal preconditioning (dilution) is a must when using these systems because 

manufacturers put effort into increasing the sensitivity of their instruments. Gam et al. 

(1989) reported high dilution ratios and noted that dilution can be a source of error 

(Schügerl, 1993). Schügerl also pointed out that in multi-enzyme systems, different pH 

and temperature optima of the enzymes may cause problems. Dilution of the sample can 

reduce pH and buffer capacity discrepancies, and hence aid the signal produced 

especially when using potentiometric detectors. Precipitation of proteins during the 

reaction to produce the analyte required for analysis may also occur, falsifying results.

A development of FIA known as sequential injection analysis (SLA) was introduced in 

1990 by Ruzicka and Marshall which offers major advantages over FLA - it uses a 

selection valve rather than an injection valve to deliver accurately measured volumes of 

carrier, sample and reagents to a delay loop and then on to a detector (Cladera et al., 

1995). The contents of the holding coil are then processed in a number of steps carried 

out in mixing coils . The technique is particularly suited to analysis of slow analytical 

reactions (Christensen et al., 1996). Due to the consecutive approach utilised, there is no 

need to maintain a constant flow of merging reagent streams as in FLA, so materials 

consumption is less. However, the main drawback is an increased analysis time of up to 

5 minutes, compared with 1 to 2minutes for traditional FLA systems (Christensen et al., 

1996; Olsson et al., 1998).

Schügerl (1993) identified controls necessary for signal evaluation and automation of 

the systems. These include control of permeation rate of filters (where applicable), 

optical control of sample quality, monitoring of process variables influencing FLA 

signals and regular control with an internal standard i.e. blanking and calibrating every 

tenth measurement to afford real-time signal conditioning and the use of two 

independent instruments to ensure that the instrument signals are valid. The need for 

development of closed-loop systems for fault diagnosis is realised to ensure 

unsupervised operation of the analysers overnight and at weekends.
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1.3 Applications of Monitoring Techniques

1.3.1 Non Product Monitoring

The use of different analytical techniques has been applied to medium components, 

fermentation by-products (acetate, ethanol, pyruvate) and also to off-gas analysis. These 

analyses are interesting to monitor as they provide indications to the success or 

otherwise of a process. It is useful to monitor medium components so that feeding 

regimes can be controlled in a fed-batch or continuous process, i.e. to feed the right 

amounts of nutrient to avoid depletion or overfeed. Analysis of by-products can also 

give an indication as to whether inhibition by overfeeding certain substrates is 

occurring. Because of the degree of crossover between monitoring techniques and 

compounds / variables monitored, only the more important monitoring techniques will 

be covered, with examples to illustrate the application of the techniques and uses of the 

monitored data.

1.3. L I  Use o f Chromatography for Monitoring

Chromatography applications have been used for fermentation analysis for many years, 

and recently have been applied in an at-line or on-line manner. Turner et al. (1994) 

reported the use of on-line HPLC (in conjunction with a sampling device and 

microcentrifuge) for monitoring and control of galactose feed and acetate production 

during E. coli fed-batch and continuous fermentations. The analysis period was 12 

minutes. The application of the monitoring was utilised in studying the effects of 

specific growth rate and acetate accumulation on recombinant protein production, and 

as such it was determined that protein production was strongly dependant upon the 

specific growth rate.

Favre et al. (1990) reported the use of on-line HPLC for monitoring glucose, glutamine, 

lactate and alanine in mammalian cell culture media using a simple isocratic method. 

Off-line analyses were performed as reference values for the on-line results. The
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analysis time was one hour, but as the cell doubling time was fifteen hours this was 

deemed rapid enough to achieve efficient process control.

Motte et al. (1984) report the use of head space GC coupled with MS to follow 

formation of ethanol in fermentations. HPLC was also used to track disappearance of 

sugars and formation of organic acids.

1.3.1.2 Biosensor Applications

Use of biosensors for fermentation medium component monitoring has now become 

more commonplace. Bradley et al. (1988) discussed the use of glucose biosensors, this 

time in relation to the study and control of bakers yeast production. The biosensors were 

used in the configuration of a fermenter probe, and incorporated an internal reference 

electrode while the external assembly was chemically sterilised with 95% ethanol prior 

to insertion into the fermenter. Two biosensors were used, one based upon glucose 

oxidase and the other upon glucose dehydrogenase. The utility of biosensors in process 

monitoring was again described by Bradley et al., in 1991, where biosensors for in situ 

monitoring of glucose, penicillin and ethanol are described.

Many other uses of on-line glucose analysers have been reported. (Luli et al., 1987; 

Mizutani et a l, 1987; Brooks et a/.,1987; Schmidt et al., 1984, 1985; Kobayashi et a l, 

1987; Valero et a l, 1990a, b; Phelps et a l, 1995; Filippini et a l, 1991). Some utilise in 

situ biosensor approaches (Brooks, Phelps, Filippini) while the others utilise FIA 

systems to supply cell-free samples to the biosensor. Of the in situ sensors, Filippini and 

Brooks used a similar configuration to Bradley, while only Phelps reports a truly 

sterilisable glucose biosensor, where immobilisation of the biocomponent takes place 

post-sterilisation thus avoiding heat dénaturation of the enzymes used.

Scheper et a l, 1991, reported the applications of biosensor systems, stating that the 

number of reports of biosensor monitoring for on-line monitoring of real fermentation 

processes is small. This may still be the case, actual robust applications applicable to 

industry are few.
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Scheper demonstrated enzyme optrodes (for monitoring urea and penicillin), bio-field 

effect transistors (BioFETs) and a four channel enzyme thermistor.

The four-channel enzyme thermistor was implemented into a fully automated sampling 

and FIA system, and applied to fermentations lasting as long as 280 hours. The sensor 

was used for the simultaneous monitoring of glucose, lactose, maltose and sucrose. 

Results showed that the sugars are consumed sequentially.

Other uses of enzyme thermistors are reviewed by Ramanathan et al. (1999), and cover 

monitoring of fermentation metabolites and substrates, and also extracellular products 

such as penicillin V and ethanol.

1.3.1.3 FIA

Because of the utility of the FIA method, many analyses can be performed. These can be 

automated spectrophotometric assays, or linkage of biosensors into an FLA rig to give 

direct measurements. Instances of enzymatic and chemical analyses within FLA systems 

have been reviewed by Bradley et al. (1991) and include glucose, sucrose, fructose, 

maltose, ethanol, methionin, cephalosporin, L-leucine, L-phenylalanine, lactate, 

galactose, glutamine, alkaline phosphatase, alkaline protease, pullulanase, hirudin, and 

total protein.

As stated earlier, glucose biosensors have been utilised in FLA setups for some time 

(Mizutani et al., 1987; Kobayashi et al., 1987). However, FLA systems can be cleverly 

utilised to give multi-component analysis too. Chung et al., (1991), stated this as their 

aim when describing the analysis of glucose, ammonium and total protein with FLA. 

Multi-component monitoring was also performed by Chen and Matsumoto (1995) who 

monitored glucose, ethanol and glutamate. A four-channel enzyme thermistor system 

has also been utilised for determination of maltose, glucose and sucrose when 

cultivating Bacillus licheniformis (Hundeck et a l, 1990). Bayer et al. (1996) monitored 

phosphate, ammonia, cephalosporin and glucose simultaneously with a multi channel 

FLA rig.
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Valero et al. (1990) monitored a fermentation of C. rugosa, analysing glucose up to a 

concentration of 40 g/L. A stream splitter device was utilised negating the necessity for 

dilution, and up to thirty analyses per hour could be performed.

Forman et al. (1991) described the use of FIA to monitor acetate production and also to 

control phosphate concentration during E. coli cultivation. Acetate detection took 65 s, 

and 20 samples per hour could be processed, allowing for baseline recalibration between 

samples. The phosphate analyser took 23 s and 24 samples could be processed hourly, 

again allowing for recalibration of the system. The method was more sensitive than off

line ion chromatography for monitoring low phosphate concentrations in the 

fermentation medium.

Gam et al. (1989) monitored glucose, ethanol, ammonia and phosphate during the 

cultivation of E. coli, S. cerevisiae, and S. pilosus (glucose monitoring only). Glucose 

and ethanol were monitored using immobilised enzymes while separate manifolds were 

used for both ammonia and phosphate determination. The system was used for 

fermentation control only with the glucose analysis. During fed-batch E. coli cultivation 

the glucose results were used for biomass estimation and for off-line prediction of the 

end of the batch phase of the fermentation. The biomass could be calculated to within 

88% of the actual value by use of a simple carbon balance equation, while batch 

fermentation end-point could be determined to an accuracy of five minutes at least 30 

minutes before occurrence, so enabling glucose feed to be established and controlled to 

minimise the transition between batch and fed-batch phases of fermentation.

Jurgens et al. (1995) described the use of enzyme cartridges in conjunction with FLA. 

The cartridges were deemed suitable for industrial analysis due to their long operational 

periods and good reproducibility. Analysis of glucose and ethanol in cultivation of 

Saccharomyces cerevisiae, amino acid concentration of complex medium during E. coli 

cultivation and determination of L-lactate during Lactobacillus cultivation were 

demonstrated. All cartridges gave good reproducibility with long life times.
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Similarly, multi-channel monitoring was performed in 1989 by Nielsen et al. for the 

quantification of glucose, lactic acid, protein and OD during cultivation of 

Streptococcus cremoris producing lactic acid.

1.3.2 Direct Product Monitoring

1.3.2.1 Monitoring Methods

Whilst indirect monitoring appears mainly to be interested in monitoring techniques 

giving physical information about the process, correlations of biomass and/or 

metabolism information, or with monitoring medium composition (for example to 

control feeding regimes), that is not the case with direct methods. Variables giving 

direct information on fermentation have previously been off-line due to the complexity 

of the analysis methods, and also due to the time some of the methods can take. 

However, the potential of direct measurements has been realised over the last two 

decades or so with the introduction of sophisticated computer control and automated 

analysis systems, which can speed up analysis times and also reduce measurement errors 

due to elimination of operator interactions. What follows is an introduction to some 

direct measurement techniques which have been applied over the past few years.

1.3.2.1.1 Field Flow Fractionation

This is a separation technique based on sedimentation rate and covers applications such 

as characterisation of proteins, viruses, separation of human and animal cells and the 

isolation of plasmid DNA. Advantages are gentle shear forces and an ability to optimise 

resolution based upon theoretical principals.

1.3.2.1.2 Chromatography

While this technique has already been introduced as useful for non-product monitoring, 

particularly in monitoring medium components while performing fed-batch 

fermentation, direct product monitoring can also occur. However, when detecting
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enzymes, enzymatic activity need not be exhibited by the protein and so rate-type assays 

are not needed. Of course, this means that the amount of bioactive enzyme is not found, 

just the total amount present.

Lundstrom et al. (1990) utilised an affinity column for automated monitoring of a 

secreted recombinant fusion protein during E. coli fermentation. A filter sampling 

device was used to provide cell-free extract for analysis, and samples could be 

processed every half-hour. The fusion protein production measured automatically was 

correlated with manually obtained OD results and showed that the protein production 

was growth-rate linked.

1.3.2.1.3 Biosensor Applications

Thomas Scheper et al., in 1994, thought that the increasing numbers of publications on 

the use of biosensors (and indeed FIA systems) gave a false view that on-line 

monitoring of biotechnological processes was becoming routine, when in fact it was still 

the norm to use conventional off-line analytical techniques. This is still the case eight 

years later on. There are many publications detailing the construction and use of 

biosensors as direct replacements for laborious analytical procedures, and in many cases 

the biosensors facilitate more rapid analysis and simpler sample pretreatment. Of 

course, many biosensor systems are used in conjunction with FLA systems.

1.3.2.1.4 FIA

The use of FIA systems has increased greatly recently, and systems have been used both 

for extracellular component monitoring and for the monitoring of intracellular protein 

production. Kroner in 1988 stated that by using FIA it should become easy to develop 

automatically operated enzyme determination procedures which can be used for fast and 

efficient process monitoring, and by and large this is what has happened over the last 

decade. Also, recent developments in FIA have led to more sophisticated methods such 

as double injection which is based on the simultaneous injection of sample and reagent 

plugs into a single constantly flowing carrier stream (Chung et a l, 1991). Another
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method which is gaining popularity is stopped-flow analysis (SFA), which is used to 

increase sample residence time in the system without increasing dispersion, coil length 

or decreasing flowrate. Reaction rate measurements can also be performed by stopping a 

section of the sample zone in the eye of the detector and monitoring the change in 

detector signal as a function of time. This also eliminates background absorbance due to 

sample matrix as the absorbance change is due only to chemical reaction (Chung et al., 

1991).

1.3.3 Detection of Extracellular Product

Extracellular product monitoring has been performed by many researchers, the 

advantage being that sample preparation is minimal, often requiring only removal of 

cells to provide a clean sample for analysis.

Disley et al. (1999) used an optical biosensor for detection of a recombinant human 

insulin produced by fermentation. The biosensor was durable and not affected greatly by 

non-specific binding, and sensitivity was high. The advantage that the researchers had 

was that the affinity ligand used was sterilisable, which they hope will lead to 

development of a robust in situ biosensor. However, as the biosensor works on a load 

sample-analyse-wash type approach the development of an in situ sensor of this type is 

very challenging and would require highly specific ligands with low affinity (somewhat 

contradictory), i.e. only product will bind to the ligand but the product binding and wash 

off rates are dependant upon the concentration in the sample - low concentrations give 

lower binding rates, higher concentrations will give higher binding rates.

a-amylase production in cultivation of A. oryzae has been monitored by Carisen et al. 

(1994) and is based on the colourimetric reaction of an iodine-starch complex. Eighty 

analyses could be made per hour, but sample dilution was required because the high 

ionic concentration of the medium interfered with the assay.

The same research team, in a publication written in 1995 (Wei Min et a l)  detailed the 

monitoring of a-amylase production by SIA. The same fermentation system was
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investigated and the results compared to those gained by FIA. There was a good 

correlation between the two methods, the SIA winning on cost (less volume of reagents 

used per sample) and the fact that it is cleaned between samples preventing the build up 

of precipitates seen in the FLA. The SIA also had a much wider working range than the 

FIA. However, the SIA could only process 15 samples per hour.

Schügerl (1988 b) used HPLC to evaluate cephalosporin C production, and correlation 

between on-line and off-line results was proved. Constraints on the analysis are the need 

to provide cell-free samples as chromatography columns require clean streams.

A computer controlled HPLC system with an affinity column was used by Ozturk et al. 

in 1995 for real time monitoring of secreted monoclonal antibodies produced in animal 

cell culture. Cell free samples were provided by use of a hollow fibre tangential filter. 

The fermentation was analysed for 60 days with no contamination. Simultaneously, 

biomass, glucose and lactate concentrations were also determined on-line with the use 

of commercial analysers. The results were used to evaluate the dynamics of antibody 

production, a bonus for the research team who normally had to wait 2 - 3  days for 

results and could not normally gain rapid real-time data.

Fast FLA was performed for IgG monitoring by Reinecke and Scheper in 1997. The 

system utilised an immobilised affinity component which captured the protein of 

interest. Elution of the protein after a wash stage allowed a purified product sample to 

be analysed by protein fiuorescence allowing accurate quantification of the protein 

product. Because of the affinity capture stage, undiluted cell-free samples could be 

passed through the cartridge meaning sampling of the fermenter was relatively simple. 

Although no real results for monitoring are shown, the rapidity (approximately 6 

minutes) and reliability of the system compared to ELISA was demonstrated.

A variation of this technique, utilising an immobilised enzyme (D-lactate 

dehydrogenase) to quantify production of D-lactic acid was used in 1995 by Shu et al. in 

a SLA system. The immobilised enzyme reactor had a cell-free sample introduced and 

results were obtained within 180 seconds. Clogging of the reactor occurred if the broth
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sample was not diluted but this was eliminated by the addition of a dilution stage. The 

SIA system was, however, very complicated involving use of 3 pumps, 3 selection 

valves and addition of diluent and reaction cofactor. Advantages were use of less 

cofactor than normal, small sample volume and rapidity of results availability.

Rank et al. (1995) fermented Saccharomyces cerevisiae, monitoring ethanol, 

acetalydehyde and glycerol on-line with a split-flow thermal biosensor. The aim was to 

detect and prevent unwanted metabolic changes, by starting a sugar feed as soon as 

initial batch sugar and the ethanol produced in this phase were consumed, thus 

preventing the cells re-entering the fermentative pathway. Acetaldehyde monitoring was 

found to be useful as an indicator of cell status, because acetaldehyde is a precursor of 

ethanol. However, ethanol monitoring was the most reliable parameter to base feeding 

decisions upon (both feed commencement and also for prevention of overfeeding) 

because of the high concentration of ethanol seen compared to the other analytes. Also, 

the system in use allowed only one analyte to be detected so further development was 

required to allow multi-channel detection.

Moller et al. (1986) monitored phenoxyacetic acid, p-hydroxypenicillin, penicilloic 

acid, penilloic acid V and penicillin V during production of the latter. Three analyses 

per hour were possible with the system used.

Dinwoodie and Mehnert (1985) used an automated HPLC system for analysis of ethanol 

production by baker’s yeast. An ultrafiltration unit provided cell-firee extract. Glucose 

concentration was shown to decrease while ethanol concentration increased throughout 

the fermentation.

Birch et al. (1987) utilised a different approach to ethanol quantification by developing 

an inexpensive on-line sensor which monitored off-gas for ethanol and directly related 

this to the concentration in the medium. However, the analyser was non-specific for 

volatiles and could therefore be used only in situations where one solvent was present.
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A multi-channel system analysing six components of a fermentation (phosphate, urea, 

sulphate, reducing sugars, dissolved organic carbon, penicillin V) was developed by 

Niehoff et al. (1986). However, it is unclear if a single sample will be processed and 

analysed for all components or if different samples are needed for each analyte. Also, 

sample transport to the analyser took 10 minutes (presumably because the samples were 

dialysed against demineralised water to dilute the sample and remove proteins) and 

analysis took 10-30 minutes.

Valero et al. analysed production of lipase in batch fermentation of Candida rugosa in 

1990. A 30 hour fermentation was analysed 120 times allowing tracking of the 

production process. It was also claimed that the robustness and reliability of the system 

was demonstrated in this way. The interesting component of this system was the home

made detector consisting of a thermostatted cuvette serviced by a pump. Inside the 

cuvette were the transmitter, a blue LED (450 nm) and the LDR receptor.

Flow injection ELISA for process monitoring and control was reported by Nilsson et al., 

in 1991, utilising a model study to prove the system, which could perform 14 analyses 

per hour. This was then used in 1994 to monitor a-amylase production in batch and 

continuous fermentations of B. amyloliquefaciens in order to control both the 

fermentation and the subsequent integrated purification process. The more amylase that 

was present, the less horseradish peroxidase-amylase conjugate could be bound to the 

column containing the amylase antigen, meaning that a reduced horseradish peroxidase 

activity was seen when the substrate was passed down the column. Thus the presence of 

more amylase gave a smaller peak height in the detector. The assay was also used during 

the integrated affinity purification stage to ascertain when the affinity column was ready 

for elution. Total time for a complete assay was 5.5 minutes, with a result obtained after

3.5 minutes.

Chung et al. (1991) utilised a diode array spectrophotometer in conjunction with dual 

injection SFA system to monitor glucose, ammonium ion and total protein content of 

filtered fermentation samples, and found that the simplicity, versatility and robustness of 

the system gave advantages over traditional FLA rigs which are far more mechanically
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complex. The hardware used therefore lent itself to bioprocess monitoring very easily, 

and no manifold or instrumental setup changes were needed to use the system for 

monitoring the three analytes. It is important to note that the author claimed that the 

dynamic range of the glucose assay could be extended by simply selecting different 

delay times (time after injection at which the flow in the system is stopped).

Monitoring of penicillin V production in fed-batch fermentation of P. chrysogenum has 

been investigated in two different FIA rigs continuously for 200 hour periods by Carisen 

et al. (1993). The first system utilised p-lactamase immobilised in a thin film on a 

conventional pH glass electrode, and measured the ion concentration resulting from 

the hydrolysis of penicillin by p-lactamase. As with Chung, it was reported that a lower 

carrier flowrate increased the linear range of the assay. An analysis frequency of two 

injections per hour was used with this system, but three analyses per hour could be 

performed if  required.

The second analyser utilised immobilised P-lactamase to hydrolyse the penicillin to 

penicilloic acid, then oxidation of this compound by iodine, the iodine consumption 

being colourimetrically detected by measuring the decrease in absorbance of an iodine- 

starch system. Six samples per hour could be processed, but this analyser required 

constant recalibration meaning that only two samples are processed every hour, whereas 

the first analyser remained stable throughout the full fermentation without the need for 

recalibration. Analyser one is a simple system with only one valve and small substrate 

consumption, but suffers because changes in the sample matrix interfere with the 

measurements. The second system is much more complicated, but can analyse both 

penicillin and penicilloic acid concentrations. Three dilution levels give high accuracy 

and the system is insensitive to changes in the sample matrix. Constant recalibration is 

needed however. The first analyser is preferred in routine on-line measurement because 

of its simplicity and easy handling.

A system for real-time analysis of column chromatography was developed by Takahashi 

and Taniguchi (1989) and was devised to reduce sample volume , achieve real-time 

observations of the time course of enzymatic reactions (in this case calf bone alkaline
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phosphatase reacting with />-nitrophenyl phosphate) from 0.1s to 1 minute and to have 

automatic data acquisition. The carrier solution had a high flowrate (giving equipment 

dead time of 16 ms) in order to transport the sample to the flow cell as rapidly as 

possible to monitor the enzymatic reaction.

In application to ion-exchange chromatography, enzyme activity, protein concentration 

and ionic strength were all measured simultaneously, while for affinity chromatography, 

pH, enzyme activity and protein concentration were all monitored. Because the volumes 

used by the analyser are so small, there is very little product loss for sampling.

As stated earlier, multi-channel monitoring in conjunction with FIA has been used by 

many researchers for fermentation monitoring. The advantage of multi-channel systems 

allows for many analytes to be detected simultaneously. Nielsen et al. (1989, 1990) 

report this application for monitoring medium components, but also for analysis of 

protein and biomass during cultivation of Streptococcus cremoris producing lactic acid 

(the main product which was also analysed).

Zhang et al. (1998) reported the use of a semi-automated system for monitoring and 

harvesting of monoclonal antibodies. Frequent monitoring and harvesting was utilised 

in an attempt to prevent degradation of monoclonal antibody quality by proteolysis. 

Cell-free samples obtained by hollow fibre filtration were analysed on a 

chromatography column. When antibody production halted then harvesting from the 

vessel was initiated, diverting the filtrate from the analytical column to a larger 

preparative column. The authors state that harvesting could be initiated during the early 

part of fermentation to reduce the harvesting time (60 hours) and also eliminate the 

action of proteolysis from cells lysing towards the end of the fermentation stage.

1.3.4 Monitoring of Intracellular Product

Monitoring of intracellular products provides a new challenge. While there are a 

plethora of papers describing extracellular monitoring (as stated earlier), there are few 

examples in the literature of on- or at-line monitoring of intracellular proteins. Indeed,
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in a paper covering at-line analysis of bioreaction processes (Christensen et al., 1996), 

only one instance of analysis of intracellular enzyme activity is given, compared with 

around 30 for extracellular analytes. This is probably because a cell disruption stage of 

some sort needs to be integrated in to the analysis procedure to release the compounds 

of interest. As many proteins of interest are produced within cells, especially 

recombinant proteins, it would be beneficial to be able to monitor the production of 

these products rapidly. Effects of changing environmental parameters could then be 

investigated to provide information leading to a more successful production stage. 

Difficulties encountered in automating cell disruption steps and integrating the steps 

with the analysis procedures have probably lead to the small amount of publications 

seen.

Many disruption techniques are available, ranging from chemical treatments for 

permeabilisation and disruption (Ahlmann et al., 1986; Blankenstein and Kula, 1991; 

Jorgensen et al., 1995), sonication (Gustafsson et al., 1986; Kracke-Helm et al., 1991; 

Valero et al., 1992; Steube and Spohn, 1994 a and b), bead milling (Steube and Spohn, 

1994 a and b), lysis with lysozyme (Pierce, 1996; Fischer, 1997) and homogenisation 

(Saeed, 1995; Gill, 1996; Poppenborg et al., 1997).

Blankenstein and Kula (1991) investigated the permeabilisation of cells to release 

intracellular material. Cells can be permeabilised without lysis leaving the plasma 

membrane intact so that the morphology of the cells is intact but low-molecular weight 

material can enter and leave the cells. This makes it possible to assay intracellular 

enzyme activities. The organism investigated was a yeast, C. boidinii, and digitonin was 

used to permeabilise the cells. SFA was used to determine formate dehydrogenase 

activity on-line, adapting the FLA FDH assay developed in 1985 by Recktenwald et al. 

The efficiency of permeabilisation was determined by mechanically disintegrating cell 

samples to give 100% FDH activity. The permeabilisation involved treatment of the cell

suspension for 5 minutes at 50 ^C. The sample was then subjected to SFA. During the 

reaction, NADH is produced, and a dialysis membrane was incorporated into the SFA 

rig to remove the sample containing cells and other macromolecules. This removal of 

low-molecular weight compounds from particles, cells and macromolecules is known as
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flow-through dialysis and is an accepted technique in FIA. Six samples per hour could 

be processed with the system used.

Cairo et a/. (1991) utilised FIA to assess P-galactosidase activity of E. coli cultures, FIA 

being used because it provides a high sample throughput, large dynamic range and low 

reagent consumption (and therefore low cost). The response time of the system was 3 

minutes, permitting high sampling frequency, and its high reproducibility. However, no 

experimental data from the E. coli culture is presented by the authors, just calibration 

data of the FIA manifold with pure P-galactosidase solutions.

Ahlmann et al. (1986) discussed the continuous on-line monitoring of periplasmic 

protein production in E. coli. The protein in question was penicillin-G-acylase, and cell 

disruption was achieved off-line by ultrasonication. On-line, chemical treatment with 

EDTA and lysozyme was used. Although this gave only 80% of the efficiency of the 

off-line results, experimental work on a fed-batch fermentation gave a good correlation 

between on- and off-line analysis. An air-segmented flow system was used for the on

line analysis, with a continuous sample stream being taken from the fermenter and 

periodically diverted to the analysis system.

Intracellular p-galactosidase activity was also monitored during E. coli cultivation using 

an FIA system (Kracke-Helm et a l, 1991). Cell disruption was achieved by ultrasonic

disintegration at 4 °C in a home-made thermostatted disruption chamber. Between 

disintegration runs the system was flushed with 0.9 % NaCl, which was also used for 

sample dilution. A sonication time of two minutes was used, which gave complete P- 

galactosidase release without activity loss. Extracellular protein activity was shown to 

be negligible, proving cell lysis was not occurring during cultivation. On-line enzyme 

activity values were 9% higher than off-line values, which was attributed to loss of 

activity during sample storage and handling. Total response time of the FIA system was 

10 minutes.

Valero et al. (1992) also monitored P-galactosidase activity on-line. Again ultrasonic 

cell disintegration and FIA were utilised, but the system was optimised to allow
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processing of up to 10 samples per hour. Biomass concentration was monitored 

simultaneously with the enzyme activity. Use of the same detector to measure two 

important fermentation parameters in the same sample was considered an asset in a 

control situation, while also saving in sample consumption, equipment and system 

complexity. Samples were sonicated for 45 seconds, but the sonicator was stopped for 5 

minutes after each run in order to avoid overheating of the ultrasonic generator. If this 

could be avoided, sampling firequency could be increased to 30 samples per hour. An 

interesting point about this research was that it was the OD of the sonicated samples 

which was used to determine the biomass concentration, OD of the sonicated samples 

being directly proportional to the OD of the whole sample. Representative release from 

the cells was obtained after 45 seconds of sonication, above which sample OD remained 

constant. P-galactosidase activity was not seen to decrease even up to sonication times 

of 120 seconds.

Steube and Spohn (1994 a and b) performed work with the main aim of coupling precise 

cell disintegration procedures with a FIA dialysis setup to determine dehydrogenases 

and other intracellular enzyme activities in yeast cells {Hanensula polymorphd). This 

organism was used because the cell disintegration and permeabilisation is more difficult 

than in other microorganisms and also than in most other yeasts.

A flow through chamber of 500 pL volume was developed for both sonication and 

ultraturrax milling techniques of disruption. Optimal sonication time for protein release 

was 3 minutes, while the ultraturrax technique was 3 minutes duration at 50 000 rpm. 

Sonication gave 93% release compared to an off-line mixer mill, which was used as a 

reference. Higher rotation speeds in the ultraturrax mill resulted in enzyme deactivation, 

and only 60% of the protein was released. Deactivation of enzymes in both techniques 

were also compared, with the sonication giving less than 10% inactivation, while the 

ultraturrax milling inactivates much more than this.

However, the authors concluded that the ultraturrax may have more possibility for on

line use than sonication. This is because the reliability of the sonotrodes decreases with
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prolonged use (the tip has to be changed after approximately 100 minutes), while the 

ultraturrax method gives reproducible results all of the time.

A MM2 mixer mill with a low volume flow cell was also developed to enable on-line 

determination of intracellular dehydrogenase activities from yeast fermentation (Steube 

and Spohn, 1994 b), and this proved successful, giving ± 5% of the enzyme activity 

determined off-line. The disadvantage compared to the other two methods used is that 

disruption takes 9 minutes, three times as long as the sonication or ultraturrax stages. 

However, the authors recommend that this technique is the best available to them for 

direct coupling to a fermenter for on-line analysis because it gave the most reliable 

results.

Gustafsson et al. (1986) used an FPLC system to monitor production of an intracellular 

protein, p-galactosidase during E. coli fermentation. The sample preparation lasted for 

15 minutes, as did the FPLC. Thus the separation was thought to be rapid enough to 

provide adequate monitoring of the process. The intracellular protein was released by a 

sonication method, p-galactosidase was used as an indicator because its enzyme activity 

gave a reliable off-line assay, but the authors recommend the technique for any product.

Poppenborg et a l, in 1997, utilised the green fluorescent protein as a reporter for 

bioprocess monitoring, both in fermentation monitoring and downstream operations. 

Because the GFP requires no added agents to fluoresce, it is easily detectable and could 

be found when constitutively expressed in E. coli. When creating a fusion protein of 

hisactophilin-GFP, it was found that induction of the protein caused overproduction. 

From these results the authors conclude that many interesting fundamental questions 

relating to production in recombinant organisms may be addressed by using systems 

where the products can be simply and directly analysed with no sample preparation. 

Monitoring in these cases was performed by simply passing a continuous sample loop 

from the fermenter through a fluorescence detector and back into the fermenter.

An lAsys™ optical biosensor has been used at UCL by Gill et al. (1995; 1996) for 

monitoring of fermentation products and by Bracewell et al. (1997; 2000) for
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monitoring of downstream processing operations. A rapid assay for anti hen-egg 

lysozyme (HEL) antibody fragments was developed on the biosensor, enabling rapid 

monitoring of fermentation and DSP to be performed. Because data was available 

within 3 minutes of applying a sample to the biosensor, fermentation productivity was 

able to be ascertained. Product location was also ascertained during primary DSP 

(Bracewell, 2000).

The rapid data availability made a great improvement over the traditional ELISA assay 

which took over 24 hours to complete. Also, because ELISA is a complex technique, 

samples tended to be stored and assayed at the same time after fermentation (or DSP) 

completion. This could lead to delays of up to 60 hours between the first sample and 

result generation. Thus, productivity of an expensive fermentation could be ascertained 

almost immediately, allowing process decisions to be made throughout the fermentation 

process. This also enabled DSP decisions to be made, such as when chromatography 

columns where exhibiting breakthrough during the load phase.

1.3.5 Discussion - Direct Product Information in Fermentation

Although many rapid information systems exist for fermentation monitoring, it is 

apparent from the literature that many techniques are used simply for monitoring 

feeding, or for detection of nutrient exhaustion. While these applications are of course 

worthwhile, the application of direct product monitoring does give more information to 

the bioprocess engineer. If the information can be delivered in a timely fashion, then 

process decisions can be made. This can facilitate faster processing of product, or may 

even lead to rapid bioprocess development - for example tracking the production of a 

protein throughout a fermentation rather than the periodic sampling that appears to 

happen at the moment, which is merely used as a double check to ensure the 

fermentation is indeed performing.

Product which is produced external to the cells is readily available for analysis by a 

variety of techniques as has been demonstrated, and this forms the bulk of publications 

concerned with rapid data availability from fermentation monitoring. Utility of the data
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gathered is another issue, however. Many publications seem to be gathering the data as 

an exercise improving the uses of the analytical techniques developed. While this 

provides an important area of research, there are other more specific uses for data - 

influencing processes to optimise the production for example. Such forms of directed 

fermentation seem few and far between, with the emphasis on recombinant techniques 

being used to enhance production. Obviously, it may be difficult to direct the 

fermentation when there are few variables which may be directly controlled, but the 

many instances of multi-channel monitoring seen in this Chapter would indicate that 

there may come a time when many variables may be directly ascertained and correlated 

so that control of production may be enhanced by manipulating the conditions within 

the vessel.

It has also been shown that rapid determination of intracellular protein production is 

possible, and that this can theoretically be used for control purposes, i.e. for directed 

fermentation or for prediction of end-points etc. However, the scarcity of publications in 

this area, and the lack of true control applications at this point indicate that a lot of 

development work is still required. What is also apparent is that analysis techniques can 

be applicable to extracellular and intracellular product - the main difficulty is the 

availability of the product. While extracellular product is readily available for analysis 

by providing cell-free samples, intracellular product must first be released fi*om the cells 

before analysis can take place.

Possibly it is the difficulty in obtaining disrupted samples rapidly enough, because of 

the disruption stage required, and also the necessity for extra (often time-consuming) 

sample preparation, that has limited the publications in this area. Also, because of the 

time consuming nature of the preparation, intracellular components may well be 

analysed, but not rapidly enough for the information to have any value other than as a 

retrospective check on the process performance.

It is apparent that for process development, rapid product analysis would be 

advantageous, helping to reduce fermentation development time. In situations where 

rapid sample pretreatment is possible, or where automated analyses become possible.
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then information on product location, as well as titre, can become available. This would 

then open up the possibilities of ‘directing’ fermentations - can we dictate the product 

location (intracellular, extracellular), concentration, presentation, in order that DSP can 

be facilitated in an easy way. Also, the information gained from the fermentation 

process may help the engineer to make process decisions such as the selection of 

downstream strategy, depending upon the results from the fermentation. Also, rapid data 

availability during DSP may help process decision making - for example where is the 

product located during cell recovery operations, are shear forces having an impact, is 

product denatured during certain operations?

1.4 Utility of Rapid Analysis Techniques

As stated earlier, it is important that the fermentation of microorganisms be as 

reproducible as possible, indeed this is a requirement of the FDA. In order that this is 

achieved it is therefore necessary to ensure that any variables which influence the 

direction of the process are controlled. The purpose of control is to minimise 

disturbances to the process, thus maintaining the variables at optimum values for the 

survival of the organism and also for maximum product formation. Also, in order to 

control something, it must first be possible to monitor it. This is where problems can 

occur. For example, it is now fairly easy to monitor secreted product concentration. This 

does not mean that we can control the protein production entirely, however, because the 

metabolic pathways leading to protein production are not known in their entirety, which 

means that controlling the protein production is practically impossible. The situation is 

made more difficult when considering recombinant protein production. Thus, while it is 

fairly easy to control environmental parameters to required setpoints, it is not at the 

moment possible to control the metabolism of an organism to minimise unwanted 

protein production or waste products, or indeed to control for optimum wanted 

production. This is one of the problems of dealing with biological systems.

However, it may be possible to monitor the fermentation process rapidly, and, using 

monitoring techniques discussed in Section 1.1, ascertain the effect of changing
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environmental conditions upon product formation. In this way it may be possible to 

influence the formation of product in a positive way by simply manipulating variables 

such as pH, DOT, temperature etc. While not giving absolute control over production, 

effects of changing conditions which can be controlled accurately can be investigated, 

and optimum conditions for production evaluated.

The ability to monitor processes rapidly may also facilitate enhanced product quality via 

control of system variables and may assist process validation and QC, reducing time 

required for decision making (Paliwal et ah, 1993).

1.4.1 Control Decisions

The simplest control seen in fermentation is manual control, where an operator monitors 

the process constantly and adjusts parameters when required. Although this can be 

performed, it is labour intensive and efficiency is low. Also, this form of control can 

only have a response time equal to that of the operator. Most environmental parameters 

in fermentation are controlled automatically. This is because, with in situ probes, the 

indirect environmental information can be acquired every five seconds (Royce, 1993) 

giving fast response times to fluctuations, and corrective action can be taken almost as 

soon as an error is seen.

There are, however, other areas where decision-making or control can be applied by 

using rapidly available data. The area most commonly controlled appear to be in fed- 

batch fermentation, where rapid analysis of fed components (sugars etc.) or by-products 

(mainly acetate) can lead to decisions governing feed rate to the fermenter. For example, 

if acetate is accumulating, the feed rate may be dropped because too much substrate is 

being fed to the vessel. This can also be determined by substrate-specific analysis 

(glucose biosensors, probes etc.) so that overfeeding can be avoided leading to more 

productive fermentations and less consumption of media components.

Salmon and Buckland (1992) stated that instead of using age-related cultures, it is 

preferable to detect events and use these as triggers for subsequent operations. The
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events detected ranged from attainment of oxygen consumption targets (to trigger 

inoculation) to pH responses indicating glucose feeding was necessary. Most of the 

routinely utilised measurements were used: pH, DOT, temperature, volume, air, nutrient 

and cooling water flowrates etc. In addition, off-gas sampling by MS was also available 

and used to provide an on line estimate of specific growth rate data (after demonstrating 

a constant yield coefficient of biomass on oxygen from historical data). This facility was 

also similarly implemented by Gregory et al., in 1994.

1.4. L I  Fault Detection During Fermentation

Another important use of available data is in the fault detection area, where abnormal 

results can be detected etc. Roche et al. (1992) describe a method of fault detection 

available for small scale fermentations. By using a number of historical datasets from 

previously performed fermentations, statistical process control was applied generating a 

range of expected trajectories for each of the key process variables. This is said to be 

more useful for differentiated variables such as specific growth rate rather than for 

measured variables such as biomass concentration. Indeed, Roche demonstrated that the 

specific growth rate parameter is very responsive when used for fault detection and 

indicates within a few minutes whether a fault has developed. The authors also used a 

Kalman filter algorithm for biomass estimation and this was seen as a good fault 

detector, indicated by destabilisation of the algorithm due to a decrease in fermenter 

output. This would indicate many faults such as pH control fault, agitation failure or 

interruption of nutrient feed, which was statistically the most likely fault encountered.

Glassey et al. (1997) reported the use of pattern recognition techniques for this 

application. As complex non-linear relationships between variables may exist in 

bioprocesses, non-linear pattern recognition was used. The technique was applied to 

exhaust gas data of an industrial penicillin G production fermentation, and a clear 

separation between good and poor production was seen, with a dividing line composed 

of mean results. In trying to get an early indication, the technique was also applied to the 

seed fermentations, but no clear differences were seen. However, some separations were
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observed, indicating the technique could be used as a means of process scheduling, by 

identifying more slowly producing fermentations early in the seed stage.

Fault analysis has also been performed with the use of near-inffared spectroscopy (NIR) 

by Macaloney et al. (1996). NIR gave rapid, simultaneous measurement of carbon and 

nitrogen nutrients (glycerol and ammonium), by-product (acetate) and biomass during a 

fermentation of E. coli. A faulty pH controller which lead to an accumulation of 

ammonia was detected, and pH control switched to sodium hydroxide from ammonium 

hydroxide so as to avoid acetate build up and inhibition by ammonium. A further fault 

detection scenario involving a DO probe was also investigated. At one point in the 

fermentation, acetate began to accumulate while no supervision was available. Later, 

analysis of the NIR trends showed no excess carbon source or rapid accumulation of 

biomass. Also, it was noted that the DO probe seemed unresponsive, and was actually 

measuring a reading of 17% when the actual DO was 0% - the fermentation was oxygen 

limited resulting in the formation of acetate. Adjusting control of DO to a higher 

setpoint resulted in depletion of the acetate, confirming DO limitation had been 

overcome.

1.4.1.2 Rapid Process Characterisation

Considerable efforts are devoted to mathematical modelling of biotechnological 

processes, from fermentation right through downstream processing. Model development 

for unit operations downstream of fermentation can be simpler than development of 

fermentation models, because of the complexity of the fermentation operation. Liibbert 

and Simutis, in 1994, stated that there is little hope of understanding all the aspects that 

influence product quality, and so the bioprocess engineer has to make do with the 

information available to him at the time of research.

Having said that, modelling is performed in this way on fermentation, by taking samples 

and analysing for the compounds of interest. Therefore, if we wish to model a process, 

the more rapidly data can be collected the better the understanding of the process will 

be. So rapid analysis can be used to help mathematical model development in two ways
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- by analysing more rapidly, a more complete picture of the process can be developed, 

and also less experiments may have to be performed simply because of the availability 

o f more data.

In 1989, Nielsen et ah performed multi-channel monitoring for the quantification of 

glucose, lactic acid, protein and OD during cultivation of Streptococcus cremoris 

producing lactic acid. Because the data was gathered in an automated fashion, more 

analyses were permitted of more analytes than if  manual analysis was performed. The 

ultimate goal was to utilise the data gained to develop mathematical models of growth 

and production during steady state and dynamic conditions.

1.4.13 Utility o f Advanced Techniques

Liibbert and Simutis in 1994 gave a review of the use of measurement data in 

bioprocess modelling and control, concentrating on the advanced techniques such as 

knowledge-based systems and artificial neural networks (ANNs). Knowledge-based or 

expert systems use simple rules about a process to model a process, whereas ANNs use 

historical data from processes in order to represent non-linear relationships between 

variables. The idea is that use of empirical data, or of process knowledge gained from 

such data, will enable generation of improved process models.

However, although the reporting and use of these advanced techniques is quite 

widespread (Konstantinov and Yoshida, 1992), they involve very sophisticated 

mathematics and computer techniques to perform.

These sophisticated analysis techniques may also use other features, such as data 

filtering and multivariate analysis such as principal component analysis (PCA) and. 

partial least squares (PLS) analysis in order to ‘unfold’ the process data generated 

(Montague, 1997). It must be stated though, that data gathering strategies must be in 

place before any modelling can be instigated, especially in the case of ANNs, where 

many datasets from processes are required in order to ‘train’ the ANN to perform.
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Although the literature has many instances of knowledge based analysis etc., only a 

couple are presented here in order to give a flavour of what can be achieved.

Konstantinov and Yoshida in 1992 reviewed the use of knowledge based control, stating 

that this approach is well suited to bioprocess control because of the capability of 

working with fragmentary, uncertain, qualitative and blended knowledge typically 

available for biological systems. Systems demonstrated included control of 

fermentations where data validation and instrument failure monitoring were performed 

by the expert system. Another instance reported was the cultivation of Aspergillus niger 

where OUR, CER and feeding information were used to infer the state of the 

fermentation. Complex phenomena such as cell disintegration and decreases in enzyme 

activity could be detected and diagnosed.

Chen et al. (1995) demonstrated the use of ANNs in conjunction with available physical 

knowledge in order to perform state estimation of infrequently measured parameters 

such as biomass concentration.

There is also a danger in the use of these techniques that the bioprocess engineer may 

not fully be aware of the rules behind the control / modelling being applied - the so- 

called ‘black box’ approach. This term aptly describes these advanced techniques - data 

is input in one end, then interpretations of the data and the process implications are 

developed, but what goes on in the black box to generate the outputs is not fully 

understood. This was aptly described by Linko and Zhu (1992) where an input layer of 

pH (to give nitrogen utilisation rate, NUR), agitation speed, OUR and CER were 

processed in a hidden layer and gave outputs of enzyme activity and biomass 

concentration, both of which correlated well with off-line analyses.

Another use was by Glassey et al. (1997) where a feedforward ANN was used as a 

software sensor to predict biomass production and final productivity of fermentations of 

E. coli and clavulanic acid producing fermentations.
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1.4.2 Applications of Control

Integration of advanced specific monitoring techniques is required if control 

applications are to be realised. However, despite the many instances of specific 

compound monitoring, linkage to control applications is, at present, limited. This is 

because not only has the monitoring technique to be developed, the use of sophisticated 

computer packages to analyse the results is required, with the evaluation of the results 

then being utilised for control purposes.

1.4.2.1 Control Using Monitoring o f Extracellular Components in Fermentation

Forman et al. (1991) utilised FIA to control phosphate levels in E. coli fed-batch 

fermentation. Phosphate was controlled to a specific level until high cell concentration 

was achieved, whereupon the addition of phosphate was halted. The phosphate was used 

to control protein production - when phosphate is present, protein is not expressed. It 

was hoped that by halting production until cell density was high (40% more than in 

batch fermentation) that more product would be produced. This was not the case 

however, but peak volumetric production was higher, indicating the potential of the 

technique.

In 1986, Moller et al. reported the use of HPLC for monitoring and control of penicillin 

production. The HPLC was used to detect penicillin V, the precursor phenoxyacetic acid 

and the breakdown products penicilloic acid and penilloic acid. The results made 

control of the precursor feed to the fermentation possible, allowing precursor 

concentrations to be kept low to avoid toxicity problems, and also to decrease the 

fermentation cost because the precursor amounts to approximately 10% of the 

fermentation cost.

Turner et al. (1994) demonstrated the closed-loop control of fed-batch E. coli 

fermentation using on-line HPLC. Feeding of nutrient to the vessel was controlled using 

the HPLC results. A study was used to demonstrate reliability of the controller. A
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second study demonstrated finely tuned control, keeping acetate levels low throughout 

the fermentation whilst maintaining growth rate.

Schiigerl et al. (1991 a) also demonstrated control of feeding to many fermentations by 

use of FIA to determine sugars and by-products, and the use of on-line liquid 

chromatography to determine extracellular product formation. The results gained were 

used for controlled feeding of penicillin producing fermentations. However, the paper 

mainly reports the analysis of medium components with no control applications 

specified.

Control application examples have also been given by Gam et al. (1989). Again used in 

fed-batch fermentation, glucose monitoring with FIA was used as a parameter for 

estimation of biomass and for the off-line prediction of the end of the batch phase of 

fermentation. This facilitated smooth transition to the feeding stage of the fermentation, 

minimising disturbance to the organism.

Shiba et al. (1994) applied biosensor monitoring of ethanol and glucose with a fuzzy 

controller to improve a-amylase expression in recombinant Saccharomyces cerevisiae. 

By keeping ethanol levels down and controlling feeding of glucose to induce the 

production of the protein, levels of specific protein expression were tripled compared to 

when only glucose feeding was controlled.

The alcohol sensor developed by Birch et al. (1987) utilised a different approach to 

ethanol quantification by developing an inexpensive on-line sensor which monitored 

off-gas for alcohol and directly related this to the concentration in the medium. The 

application of the analyser was demonstrated to control methanol feed to a facultative 

methylotroph. The methanol concentration was controlled to a desired concentration 

within the medium.

An interesting application of specific growth rate control was reported in 1996 by 

Leviskaus et al. by using exhaust gas analysis. The control algorithm used required only 

to know the initial specific growth rate and analysis to generate OUR data, and from this
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the PID control utilised was able to control feed rate to the vessel to control the specific 

growth rate to a predetermined level.

At-line control has also been performed with the use of near-infi*ared spectroscopy 

(NIR) by Macaloney et al. (1996). NIR gave rapid, simultaneous measurement of 

carbon and nitrogen nutrients (glycerol and ammonium), by-product (acetate) and 

biomass during a fermentation of E. coli. Because results were available within 2 

minutes from the NIR, control of ammonium concentration was effected, allowing little 

acetate build up due to overfeeding. Also, high cell densities were achievable without 

ammonium limitation or inhibition taking place, even when feed rates were very high.

1.4.2.2 Monitoring o f Intracellular Components fo r  Control Strategies

Although papers presenting rapid monitoring of intracellular compounds are available, 

control applications have not, as yet, been implemented. Schiigerl et al. (1993 b) 

presented work which involved the monitoring of an intracellular enzyme, along with 

on-line turbidity and fluorescence measurements. Liquid chromatography was also used 

to monitor substrates and metabolites. Monitoring of intracellular product enabled 

productivity to be maximised, while the monitoring of substrate and metabolites and 

dissolved oxygen concentration enabled implementation of control of fed-batch 

fermentation, meaning acetate formation was kept to a minimum, mainly by controlling 

glucose feed rate and oxygen transfer rate.

However, this is the only instance of a scenario where actual intracellular product results 

are used for decision making applications. It is clear, therefore, that there is a large area 

available for exploitation.

1.5 Obj ective of Research

This research project aims to introduce the concept of rapid, direct product monitoring 

to fermentation processes. The results gained will be used to accomplish three aims:
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1. Use of monitoring to provide the means for fault detection.

2. Product tracking throughout a production process.

3. Rapid characterisation of a fermentation process to allow process modelling and 

prediction of final product titre and fermentation endpoint.

1.5.1 At-line Analysis

All work presented in this thesis is performed in an at-line manner, with results 

generated manually as an off-line mimic of a prospective at-line analysis system. The 

components of the prospective system have previously been reported and comprise of a 

sterile sampler (Turner, 1993), microcentrifuge (Richardson, 1996; Turner 1993; Habib, 

1999), SFA (Chard et a l, 1994; Habib et a l, 1997; Habib, 1999) and homogeniser 

(Saeed, 1995). Data generation takes place in the format of manual sampling, sample 

pretreatment, sample analysis.

1.5.2 Statistical Fermentation Maps

The information gained from rapidly monitoring the fermentation has a number of uses. 

The major function of the information has usually been to provide a database of 

historical fermentation data, background knowledge of the process. This data can be 

used in a number of ways. For example, with enough datasets, a neural network can be 

trained on the fermentation (Montague, 1997). Further datasets can then be used to 

assess the trained neural net.

However, even without use of a neural net, a database of information fi*om previous 

fermentations can provide information for the process operator to evaluate rapidly 

available data and make decisions. For example, if product level is lower than normally 

seen, comparison of results so far with those from previous fermentations can indicate 

to the operator whether it is worth continuing to the end of the process, or if it would be 

more beneficial to end prematurely and turn the plant around rapidly to enable the start 

of another process.
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1.5.3 Event Detection During Fermentation

The data generated from the rapid monitoring can also be used for event detection. If 

fermentations with specific problems are performed, then a database of problems and 

their effects on protein production will also exist. This will enable future problems to be 

identified as early in the process as possible, and appropriate corrective action to be 

taken.

The fermentation database can also be used for prediction of fermentation endpoint and 

also final product concentration. This is useful to know, because staff can then be 

alerted for when they will be required for downstream processing of the product. If final 

product concentration is known prior to downstream processing, it is possible to select 

processing strategy, and equipment required in advance, saving valuable processing 

time.

1.5.4 Rapid Process Characterisation

Finally, rapidly available, direct product monitoring will be used to facilitate 

characterisation of protein production during fed-batch fermentation of Saccharomyces 

cerevisiae. This will enable process models to be determined, which can be used to 

ascertain process performance much as the historical fermentation database may be 

used. Another use is in the fault detection of fermentation, so abnormally performing 

fermentations may be compared against expected results from the model to identify 

deviations form the norm.
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2 Materials and Methods

This section details the materials and methods used in each of the fermentation systems 

investigated. As such there is a subsection detailing each system and applicable 

techniques used. The subsections encompass batch fermentation of recombinant E. coli 

producing a-amylase, batch and fed-batch production of D 1.3 Fv antibody fragments in 

recombinant E. coli and fed-batch production of cutinase in recombinant 

Saccharomyces cerevisiae.

2.1 Batch Fermentation and Production of a-amylase in E. coli

Experiments were performed at two scales, 20L and 450L total fermenter volume. 

However, a scale-down fermentation with the 2L vessel mimicking 20L scale and 20L 

mimicking 45OL scale was also performed.

2.1.1 Strain Used

The organism used is E. coli JM107 pQR126 which codes for a thermostable a-amylase 

and kanamycin resistance. Cloning was performed in the Biochemistry Department at 

UCL and is described in Bahri and Ward (1990).

2.1.2 Medium Composition

The medium used in the fermenters and seed vessels is as follows (g.L"^): 

glycerol, 30; (NH4)2S0 4 , 10; NaCl, 2; Na2HP0 4 , 2.16; KH2PO4, 0.64; FeS0 4 .7H2 0 , 0.2; 

citric acid, 0.2; thiamine, 0.01; kanamycin, 0.01; MgS0 4 .7 H2 0 , 0.2. Trace element 

solution is also added to a concentration of 1 mL.L'\

The trace element solution is a concentrated stock solution and comprises (g.L'^):

C aC l2 , 10; H 3B O 3, 4; M n C l2 .4 H 2 0 , 2; Z n S 0 4 .7 H 2 0 ,  2; C U S O 4.5H 2O , 0.4; C 0C I2 .6H 2O ,

0.4 ; N a 2M o 04.2H 20, 0.2.
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Therefore final concentrations of the trace elements in the medium are 1000-fold less 

than in the stock.

All components were steam sterilised in situ at 121°C for 20 minutes, apart fi*om the 

glycerol solution and the MgS0 4 .7H2 0  which were sterilised separately in an autoclave 

at 121°C for 20 minutes. Kanamycin and thiamine were filter sterilised (Gelman 

Acrodisc 0.2pm pore pre-sterilised filters) into the medium immediately prior to 

inoculation.

All chemicals were obtained from Sigma Chemical Company (Poole, Dorset, UK).

2.1.3 Agar Plate Preparation

Agar plates are inoculated from glycerol stocks stored at -20°C. The plates are incubated 

at 37°C for about 24 hours.

Composition of the plates is as follows (g.L'^): nutrient agar, 28, kanamycin, 0.01; 

starch, 10.

2.1.4 Shake Flask Cultivation

2.5L shake flasks containing 500 mL of the medium specified in section 2.1.2, but with 

glycerol presence reduced to 4 g.L '\ Flasks were inoculated with a single colony from 

the agar plates, with a zone of depleted starch around it.

2.1.5 Fermentation

All fermentations performed were monitored for a-amylase production and OD at 600 

nm. Standard fermentation variables were monitored and controlled: pH was set to 7.0 

and controlled with 4 M NaOH, temperature was maintained at 37°C, DOT was 

monitored and maintained above 20% by manual adjustment of aeration and agitation
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rates, and overpressurisation of the vessel was also used when required. Antifoam (10% 

PPG) was added automatically when foam presence was detected.

Exhaust gas analysis was performed by mass spectrometry using an MM8-80 instrument 

(VG Gas Analysis Ltd., Middlewich, Cheshire, UK) to measure concentrations of 

nitrogen, oxygen, carbon dioxide and argon, enabling respiration rate in terms of oxygen 

uptake (OUR), carbon dioxide evolution (CER) and respiratory quotient (RQ) to be 

determined. A software package. Real Time Data Acquisition Systems (RT-DAS), from 

Acquisition Systems (Fleet, UK) logged data from both the mass spectrometer and 

fermenter local control units.

2.1.5.1 2L Fermentation

2L LH series 210 glass vessel (Inceltech UK Ltd., Berkshire, UK) with a working 

volume of 1.5 L. Was operated in batch mode, inoculated with 150 mL of shake flask 

culture.

2.1.5.2 20L Fermentation

20L LH high category vessel (LH 1075 series stainless steel vessel, Inceltech UK Ltd.,) 

was used for the bulk of this work, with a working volume of 15 L. The fermenter was 

operated in batch mode, so all medium components are present at the start. 

Fermentation was halted when production of a-amylase was at a level to permit 

efficient downstream processing.

The vessel was seeded from three shake flasks (1.5 L), a 10% inoculum.

2.1.5.3 45OL Fermentation

45OL Chemap high category vessel was used, (Alfa Laval Engineering Ltd., Middlesex, 

UK) with a working volume of 300 L. The 450L vessel was seeded directly from the 

20L vessel, using 12 L of broth, an inoculum of 3.8%.
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2.1.6 Sampling Protocol

In all cases, samples were taken manually from the fermenters. Samples were then 

homogenised in the Constant Systems homogeniser at a pressure of 1100 bar to provide 

sample for analysis of total protein. The homogenised samples were also assayed for a- 

amylase and protein, and the values obtained taken as the maximum values available at 

each time point.

Saeed (1995) proved that use of a Manton Gaulin Lab 40 homogeniser at 1100 bar for 

one pass was enough to disrupt E. coli to effect intracellular protein release to 95.6 ± 

6%. It has also been shown that use of the Constant Systems Homogeniser at pressures 

over 900 bar (13000 psi) and for one pass will also release intracellular protein to the 

levels demonstrated by Saeed. The release profile is shown in Appendix 1.

Broth samples were also kept. These were spun at 10 000 rpm in a benchtop centrifuge 

in order that assays of extracellular product and protein could be performed.

While amylase assays were performed immediately, protein assays could be performed 

at any time, providing the samples were stored at -20®C until the assay was performed.

Sampling was kept to a minimum at the start of the fermentation when the culture was 

in lag phase, but as growth occurred the sampling frequency was increased to every 15 - 

20 minutes in order that a detailed fermentation profile could be built up.

2.1.7 Biomass Determination

Biomass was measured in a 1 cm path-length cuvette, as optical density at 600 nm in a 

Uvikon 930 (Kontron Instruments, Watford, UK) spectrophotometer. All samples were 

diluted to keep the absorbance below 0.8 units.
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2.1.8 a-amylase Assay

The assay is based on the colour change of a starch iodine complex in solution, due to 

the degradation of starch by amylase. It was performed on microtitre plates, with at least 

five replicates of each sample. It is based on the assay developed by French (1993) and 

used by Turner (1993), Pierce (1996) and Fischer (1996) The following solutions are 

required:

15 mM sodium phosphate, pH 5.8

0.5% soluble starch in 15 mM phosphate buffer pH 5.8

assay solution A: 2.2% (w/v) h  and 4.4% (w/v) KI in deionised water

assay solution B: 2% (w/v) KI in deionised water

assay solution C: 1 mL solution A into 500 mL solution B

The assay was performed as follows:

1. 300 pi of assay solution C was pipetted into wells A-F down the plate, and 

across the plate for as many assays as were to be performed.

2. In one line across a plate, the samples were placed. Total sample volume was 

150 pL (sample was added and the volume made up with sodium phosphate buffer).

3. In a different line across the plate, starch solution was placed, with at least 0.2 

mL in each well.

4. The plate containing the samples and starch was incubated in a water bath at 

50°C for the duration of the assay, and for at least ten minutes beforehand in order to let 

the solutions acclimatise.

5. At the start of the assay, 150 pL of starch fi*om the wells on the plate was added 

to the sample wells and mixed with the pipette. The stopwatch was started. At 30 

seconds, and 1,2, 3, 4, and 5 minutes, 15 pL aliquots were removed from the wells and 

pipetted into the wells of the plate containing assay solution C.

6. When the assay was complete, the plate was read at 620 nm in the plate reader.

7. A linear regression of time plotted against A620 was performed on the data obtained, 

and divided by the sample volume (in mL) added to the wells at the start of the assay. 

This gave the amylase activity present in the sample in units.mL'\
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One unit of a-amylase activity corresponds to a decrease in absorbance at 620 nm of 1 

absorbance unit per minute. This corresponds to the hydrolysis of 143 pg.min'^ of 

soluble starch at 50°C (French, 1993).

2.1.9 Protein Assay

This was the Bradford total protein assay and was performed on microtitre plates, using 

bovine serum albumin (ESA) as a protein standard. 200 pL of (diluted) sample or 

standard was pipetted into each well, each sample introduced to least four wells. 50 pL 

of neat reagent was added to each well, and mixing was accomplished with the pipette, 

being careful not to introduce air bubbles to the mixtures. After 10 minutes, the plates 

were read on the plate reader at 595 nm. A standard curve was plotted firom the BSA 

data, and values read off this to give protein content of the diluted samples. 

Multiplication of this value by the dilution of each sample gave the protein content of 

the samples.

2.1.10 Plasmid Retention Determination

Plasmid presence within the population was determined by aseptic serial dilution (1:10 

steps) of whole broth in sterile saline, followed by plating of 100 pL aliquots on nutrient 

agar plates in the presence and absence of kanamycin. The plates were incubated at 

37°C overnight and the number of colonies counted the following day. The difference in 

the number of colonies in the presence of kanamycin compared with those in the 

absence of kanamycin was used as an indication of the proportion of cells retaining the 

plasmid encoding for a-amylase, and therefore as an indication of the a-amylase 

producing ability of the population.
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2.2 Fed-batch Fermentation of E. coli Producing D1.3 Fv Antibody Fragments

2.2.1 Organism Used

E. coli BMH 71-18 harbouring a high-copy number plasmid based on pUC19 was 

provided by Mark Berry (Unilever Research, Colworth Laboratory, Bedford, UK). The 

plasmid encoded the Vh and V l domains of the antibody Fv fragment. Details 

concerning plasmid construction can be found in Ward et al. (1989) and Berry et al. 

(1994). The DNA encoding each of the variable domains is under control of the lacZ 

promoter, which requires no induction to initiate expression. Each domain, Vh and Vl, 

were expressed from individual promoters and targeted to the periplasm by the pelB 

leader sequence. In the periplasm the domains associate naturally to form native Fv 

fragments. The plasmid also contains an ampicillin resistance gene which is used as a 

selection marker.

2.2.2 Medium Composition

M9P medium, based on Ryan et al. (1989), was modified such that glycerol, 20 g.L '\ 

replaced glucose as the carbon source and yeast extract was added to 20 g.L '\ Hence the 

medium used in the fermenters and seed vessels is as follows (g.L'^)i glycerol, 20; NaCl, 

0.5; Na2HP0 4 , 1 2 .0 ; KH2PO4, 6 .0 ; MgS0 4 .7 H2 0 , 0.49; CaCl2.2 H2 0 , 0.015; L-proline, 

0.06; thiamin, 0.001; ampicillin, 0.001; Yeast extract, 20.0; PPG, 0.3 mL.

2.2.3 Shake Flask Cultivation

A 1 mL glycerol cell stock was used to inoculate 100 mL of M9P medium in a 500 mL 

flat-bottomed conical flask. This was incubated in an orbital shaker at 37°C and 200 

rpm for 15 h (overnight) before use as a 1% inoculum for fermenter culture.
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2.2.4 Fermentation

All fermentations performed were monitored for D1.3 Fv, OD at 660 nm and dry cell 

weight. Exhaust gas analysis was performed by mass spectrometry in order that OUR, 

CER and RQ could be evaluated. A software package. Real Time Data Acquisition 

Systems (RT-DAS, from Acquisition Systems, Fleet, UK.) logged data from both the 

mass spectrometer and fermenter local control units.

In all fermentations, standard fermentation variables were monitored and controlled: pH 

was set to 7.0 and controlled with 4M NaOH, temperature was maintained at 37°C, 

DOT was monitored and maintained above 20% by manual adjustment of aeration and 

agitation rates. Antifoam (10% PPG) was added manually when foam presence was 

observed.

2.2.4.1 2L Batch Fermentation

2L LH series 210 vessel with local controllers was used, with 1.5L working volume. 

The vessel was seeded with 15mL, a 1% inoculum.

2.2.4.2 20L Batch Fermentation

20L LH high category vessel was used for the bulk of this work, with a working volume 

of 15 L. The fermenter was operated in batch mode, so all medium components are 

present at the start. The vessel was seeded with 150 mL, a 1% inoculum.

2.2.4.3 20L Fed-batch Fermentation

Again 20L LH high category vessel. The fermentation was as batch 20L above, but 

glycerol presence was reduced to an initial 0.5 g.L'^ from 20.0 g.L '\ The inoculated 

cells therefore grow only on the small amount of glycerol and the yeast extract present 

in the medium. After approximately 5 hours carbon source exhaustion was seen as an 

OUR and CER shift in the mass spectrometer results, and an exponential feed of
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glycerol was applied to the vessel, in an effort to effect controlled growth of the 

organism. All other details remain as per the batch experiments.

2.2.4.4 450L Fed-batch Fermentation

45OL Chemap high category vessel was used with a working volume of 3 COL. The 45OL 

vessel was seeded directly from the 20L vessel, using 3L of broth, an inoculum of 1%.

The fed-batch procedure was the same as for 20L fed-batch fermentation: Glycerol 

presence was reduced to 0.5 g.L'  ̂ until yeast extract carbon source exhaustion (seen as 

OUR and CER shift on mass spectrometer) and then application of an exponential feed 

of the glycerol.

2.2.5 Sampling Protocol

As for a-amylase sampling, samples were taken aseptically from the fermenter. A 

proportion of the sample was kept for biomass determination, external D1.3 Fv analysis 

(after spinning in benchtop centrifuge at 15 000 rpm for 10 minutes) and plasmid 

stability determination (if required). The supernatant was then stored at -20°C for 

protein and HPLC analysis.

The remainder of the sample was homogenised in the Constant Systems cell disrupter at 

16 000 psi, 1 pass. After spinning at 15 000 rpm for 10 minutes, the sample was 

analysed for D1.3 Fv and stored at -20°C for protein analysis at a later time.

2.2.6 Biomass Determination

2.2.6.1 Dry Cell Mass

Dry cell mass (DCM) was measured by drying 2 mL of broth in pre-weighed dried 

eppendorf tubes. The samples were spun at 15000 rpm for 5 min, the broth decanted and

Materials and Methods, Page 72



Enhanced Definition and Process Confidence During Fermentation via Direct Product Monitoring

the pellets washed in deionised water. The suspension was spun again and the water 

decanted. The eppendorfs were then dried in an oven for 24 hours before weighing.

2.2.6.2 Spectrophotometric Measurement

The optical density (OD) of samples at 660 nm was measured in a 1 cm pathlength 

cuvette using a Pharmacia Ultrospec II spectrophotometer (Amersham Pharmacia 

Biotech, St. Albans, UK) and a calibration curve was constructed using the 

corresponding dry weights of the samples. Samples were diluted in 10 mM phosphate- 

buffered saline pH 7.0 so the OD was 0.8 units or less and the OD values were then 

compared to the calibration curve to give a dry cell mass concentration.

2.2.7 D1.3 Fv Biosensor Assay

2.2.7.1 Operation o f the Optical Biosensor System

The resonant mirror (RM) based lAsys™ optical biosensor, produced by Affinity 

Sensors, was used during this investigation. This instrument employs a stirred cuvette, 

where the sample is added in a single step, to deliver the material under investigation to 

the immobilised ligand. The biosensor was operated as described in Gill, (1996).

2.2.7.2 Solutions Used During BiosensorAanalysis

All solutions were made using ultra high purity water. Phosphate buffered saline 

(PBS/T), final pH 7.4, comprised sodium phosphate (10 mM), potassium chloride (2.7 

mM), sodium chloride (150 mM) and 0.05% (v/v) Surfact-Amps 20 (Tween 20, T; 

Pierce & Warriner). PBS/T/S buffer, final pH 7.4, was made by adding NaCl (0.5 M) to 

the PBS/T buffer. Acetate buffer (Sigma), 10 mM, was adjusted to pH 5 with glacial 

acetic acid (Sigma). Ethanolamine (Sigma) was made up at 1 M and adjusted to pH 8.5 

with concentrated HCl. Hen egg lysozyme (HEL; code L-6876, Sigma) and turkey egg 

lysozyme (TEL; code L-6255, Sigma) (50 mg.mL'^) were prepared in 10 mM acetate 

buffer. The following solutions were also made up: HCl (50 mM); 1-ethyl-3-(3-
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dimethylaminopropyl)carbodiimide (EDC) (400 mM) and N-hydroxysuccinimide 

(NHS)(100 mM) (Sigma).

2.2.7.3 Ligand Immobilisation

The contents of the cuvette were changed between samples by adding 200 pL of the 

appropriate solution followed by immediate aspiration of the cuvette contents. The 

number of washing steps is indicated in the protocol. A solution of EDC (400 mM) and 

NHS (100 mM) was made up immediately prior to the immobilisation step. The times 

stated represent the period that each solution was in contact with the sensor surface. 

The instrument was operated at a temperature of 25°C.

After placing the cuvette in the instrument, 200 pL PBS/T were added and the response 

followed for 5 minutes to establish an initial baseline. Activation of the carboxymethyl 

groups on the dextran, which took place over an 8 min period, was initiated by replacing 

the PBS/T with the EDC/NHS mixture (200 pL x 2). Following activation, the cuvette 

contents were replaced with PBS/T (200 pL x 3) for 5 min. Immobilisation was then 

initiated by the addition of HEL, or TEL, to the cuvette. After 3 min the ligand solution 

was replaced with 1 M ethanolamine, pH 8.5, (200 pL x 2) for 2 min, which quenched 

all remaining activated carboxymethyl groups. The ethanolamine was then replaced with 

PBS/T (200 pL X 3). The ligand coated sensor surface was pre-washed with 50 mM 

HCl (200 pL) for 2 min followed by PBS/T/S (180 pL x 3) to remove any non- 

covalently attached material before interaction studies with D1.3 Fv were performed. 

Approximately 5 ng mm'^ of TEL or HEL immobilised to the dextran matrix was 

indicated by a response change o f-1000 arc seconds (Yeung et al., 1995).

2.2.7.4 Recording o f Interaction Profiles

Biosensor cuvettes were prepared as above. These were fabricated by covalent coupling 

of hen egg lysozyme (HEL) or turkey egg lysozyme (TEL) to the carboxymethylated 

sensor surface, to yield a ligand coated sensor. The HEL coated sensor was used to 

make specific measurements and the TEL coated sensor was used to indicate non-
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Specific binding due to other components of the fermentation broth (Gill, 1996; Holwill 

et aL, 1996).

2.2.7.5 Calibration o f the Biosensor with Purified D1.3 Fv

Before use, ligand coated sensor surfaces were pre-washed with 50 mM HCl for 60 s 

followed by PBS/T/S (three washes with 180 pL) to remove any non-covalently 

attached protein. Interaction studies with affinity purified D1.3 Fv were then performed 

in order to produce a calibration curve.

PBS/T/S (180 pL) was present in the cuvette prior to the recording of each interaction 

profile, which was initiated by the addition of 20 pL of the appropriate D1.3 Fv solution 

made up in PBS/T buffer. The interaction profile was recorded for 60 s. The ligand 

surface was regenerated by aspiration and use of 50 mM HCl for 60 s. This was 

followed by a 120 s PBS/T/S incubation (three washes with 180 pL) before recording of 

the next interaction profile.

2.2.7.6 Biosensor Analysis o f Fermentation Samples

The analysis of samples withdrawn from the fermenter was performed as described 

above. Each sample (broth or homogenate supernatant) was assayed in triplicate to 

provide an indication of the reproducibility of each measurement. Samples were assayed 

using sensors prepared with both HEL and TEL attached to their surfaces, the response 

to TEL being subtracted from that to HEL in order to yield a response representative of 

the interaction between D1.3 Fv and HEL. This step was to eliminate any effects due to 

non-specific binding from other components within the sample (Gill, 1996).

Biosensor data was analysed using linear regression to determine the initial rate of 

binding as described in Holwill et al. (1996).
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2.2.8 Protein Assay 

As in Section 2.1.9.

2.2.9 Plasmid Retention Determination

As in Section 2.1.10, except ampicillin plates were used instead of kanamycin.

2.2.10 Inorganic Phosphate Analysis

Inorganic phosphorus assay kit 670-C (Sigma) was used to determine inorganic 

phosphate levels in fermentation samples as follows:

A phosphorus calibration curve was created using phosphorus standard (Sigma 

catalogue no. 661-9) from the assay kit. The linear range is 0 - 4 mMol.L'\ Protein-free 

fermentation supernatant samples were produced, protein and lipid phosphate being 

precipitated out of the samples with 2 0 % trichloroacetic acid and the resulting 

precipitate spun out in a benchtop centrifuge at 13 000 rpm for 10 minutes.

Phosphorus standard was added to a cuvette and the volume made up to 1 mL with 

water, or 0.4 mL of (diluted) protein-free sample was added to a cuvette along with 0.6 

mL water. 0.2 mL acid molybdate solution (Sigma catalogue no. 661-11) was added to 

this, and then 0.05 mL Fiske and SubbaRow solution (Sigma catalogue no. 661-8). The 

samples were incubated for 10 minutes to allow colour development. The absorbance at 

660 nm was then read in a Pharmacia Ultrospec II spectrophotometer. Readings from 

the fermentation samples were compared to the standard curve and phosphorus content 

of the sample determined. This value was multiplied by the dilution factor to obtain the 

total inorganic phosphorus content of the samples.
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2.2.11 Centrifugation - Cell Harvest in the Carr Powerfuge

Following 45OL fermentation, a Carr tubular bowl centrifuge with automated solids 

discharge was used to harvest the cells. The centrifuge was operated at 15200 rpm with 

a flowrate of 50 L .h '\ The harvested cells were recovered and stored at -70°C, whilst 

the supernatant was stored at 4°C prior to further processing (0 .0 2 % w/v sodium azide 

(Sigma) was added as preservative).

2.2.12 Homogenisation - Lab 60

Harvested cells stored at-70°C were resuspended to 200 g.L'^ wet weight cells and 

disrupted in 3L batches in a Lab 60 homogeniser (APV Gaulin GmBH, Lubeck, 

Germany) at 500 bar, 4°C. The homogeniser was operated in continuous mode, 

disruption extent being equivalent to two discrete passes.

2.2.13 Centrifugation - Debris Removal in the Carr Powerfuge

Following homogenisation, a Carr tubular bowl centrifuge with automated solids 

discharge was used to remove cellular debris. The centrifuge was operated at 15 200 

rpm with a flowrate of 10 L.h'’. 0.02% w/v sodium azide (Sigma) was added as 

preservative, the supernatant was then stored at 4°C prior to further processing.

2.2.14 Filtration - 0.5 pm Process filters

Both the extracellular liquor collected from the cell harvest stage and the clarified 

material produced in the debris removal stage were filtered through a 0.5 pm 

polysulfone membrane (Whatman Ltd, Maidstone, UK). The clarified liquor then 

proceeded to the affinity chromatography stage.
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2.2.15 Affinity Chromatography

Affinity purification of D 1.3 Fv was performed following the method of Ward et a l, 

(1989), with minor alterations. Hen Egg Lysozyme (HEL) was attached via an amino 

coupling to a 6  aminohexanonic acid spacer arm on 500 mL NHS-activated Sepharose 4 

Fast Flow affinity matrix, bead size 90 pm (range 45-165 pm) (Pharmacia LKB Biotech 

Ltd., St. Albans, UK.) following the supplied immobilisation protocol. The matrix had 

previously been packed into a XK50 column (Pharmacia LKB Biotech Ltd) of 

dimensions 50 mm internal diameter and 250 mm bed height.

The following buffers were used during the loading and elution of Fv antibody 

fragments: running buffer - PBS, pH 7.4, pre-elution buffer - 50 mM diethylamine, pH 

10 (Sigma); elution buffer - 50 mM diethylamine, pH 12. Eluted fractions were 

collected into 2 M Tris-HCl, pH 7 (Sigma) to adjust sample pH (0.1 x fraction volume 

was used). Prior to loading of the broth sample, the column was washed through with 

elution buffer (5 column volumes) to remove any non-covalently coupled lysozyme, 

followed by PBS (5 column volumes). A volume of broth supernatant was loaded onto 

the 500 mL HEL affinity column at a flow rate of 50 mL.min'\ Before loading 

commenced a sample of broth was analysed on the biosensor for D1.3 Fv. Once the 

broth had been passed through, the column was washed with PBS (5 column volumes) 

prior to elution of Fv. Pre-elution buffer was flowed for 3 column volumes to remove 

any non-specifically bound material. Elution of Fv was then performed by addition of 

elution buffer (3 column volumes), which was followed by PBS (5 column volumes) to 

wash the column.

The column was stored in PBS with 0.02% w/v sodium azide at 4°C in between runs.
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2.3 Fed-batch Fermentation of Saccharomyces cerevisiae Producing Cutinase

2.3.1 Strain Used

Saccharomyces cerevisiae CEN.PK111-32D pUR 7320 expressing wild-type cutinase 

controlled by the inducible GAL7 promoter was kindly provided by Professor C.T. 

Verrips, Unilever Research Laboratorium, Vlaardingen, Holland, as the chosen 

organism of the EC funded Framework IV ‘Yeast as a Cell Factory, from Protein to 

Product’ programme.

2.3.2 Agar Plate Preparation

Plates were prepared with the following composition (g.L'^): yeast extract, 10; peptone, 

20; glucose, 20; agar, 28. The plates were streaked with cells from a glycerol stock 

stored at -70°C, and incubated for 48 hours at 30°C.

2.3.3 Medium Composition

The defined medium contained in g.L'^ 5.0 (NH4)2S0 4 , 3.0; KH2PO4, 0.5; 

MgS0 4 .7 H2 0 ; and 0.1 mL.L’̂  PPG type 2000 antifoam sterilised in situ; with 1.0 

mL.L'^ trace elements solution (g.L'^): EDTA; 15.0; ZnS0 4 -7H2 0 , 4.5; MnCl2.4 H2 0 , 

1.0; C0 CI2.6 H2O, 0.3; CUSO4.5H2O, 0.3; Na2Mo0 4 .2 H2 0 , 0.4; CaCl2.2H2 0 , 4.5; 

FeS0 4 .7H2 0 , 3.0; H3BO3, 1.0; KI; 0.1, sterilised separately), 1.0 mL.L'^ vitamins 

solution (g.L'^: biotin, 0.05; D-pantothenate, 1.0; nicotinic acid, 1.0; mj^o-inositol, 25.0; 

thiamine-HCl, 1.0; pyridoxine-HCl, 1.0; />-aminobenzoic acid; 0.2, sterilised separately) 

added prior to inoculation. Glucose was added to an initial concentration of 25 g.L'* 

from a 50 % w/v solution sterilised separately. All chemicals were obtained from Merck 

Ltd. (Lutterworth, Leicester, UK) or Sigma Chemical Company (Poole, Dorset, UK) 

and were AnalaR or equivalent grade.
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2.3.4 Shake Flask Cultivation

2.5 L baffled shake flask cultures containing 500 mL defined medium were grown in 

rotary shakers overnight at 30°C and 200 rpm for 26 hours. The flasks were inoculated 

with 1 colony from agar plates prepared as in Section 2.3.2.

2.3.5 20L Fed-batch Fermentation

20L LH high category series 1075 stainless steel vessel, initial volume 12 L, was 

inoculated to an OD 600 nm of 0.1 units from shake flasks prepared as in Section 2.3.4. 

The fermentation was controlled at 30°C, 1 w m  air flow and pH 5.0 (controlled with 4 

M NaOH and 4 M H3PO4). The batch phase was grown until all ethanol formed during 

growth on glucose was consumed (seen by a sharp fall in OUR and CER and 

corresponding rise in DOT). At this point the induction feed was commenced. The feed 

contained 500 g.L'^ glucose and galactose in ratios of either 2:1 or 4:1, thus (g.L'^):

366.6 glucose: 133.3 galactose or 400 glucose: 100 galactose. Also present in the feed 

solution (g.L'^): MgS0 4 .7H2 0 , 1.26; KH2PO4, 1.88; (NH4)2S0 4 ; 3.12; with 2.5 mL.L'^ 

trace elements solution and 2.5 mL.L*' vitamins solution.

The fermentation was fed with an exponential profile using a fed-batch control 

programme developed at UCL (Gregory et aL, 1994). The fermentation was monitored 

for secreted cutinase, OD at 600 nm and dry cell weight. Exhaust gas analysis was 

performed by mass spectrometry (VG Mass Spectrometer, UK) in order that OUR, CER 

and RQ could be calculated and that event detection could take place. Data logging was 

performed with Lab VIEW (National Instruments Corp., Austin, Texas, USA).

2.3.6 Biomass Determination

2.3.6.1 Dry Cell Mass

Dry cell mass (DCM) was measured by drying 2 mL of broth in pre-weighed dried 

eppendorf tubes. The samples were spun in a benchtop centrifuge at 15000 rpm for 5
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min, the broth decanted and the pellets washed in deionised water. The suspension was 

spun again and the water decanted. The eppendorfs were then dried in an oven for 24 

hours before weighing.

2.3.6.2 Spectrophotometric Measurement

The optical density (OD) of samples at 600 nm was determined using a Pharmacia 

Ultrospec II spectrophotometer (Amersham Pharmacia Biotech, St. Albans, UK) and a 

calibration curve was constructed using their dry weights. Samples were diluted in 10 

mM phosphate-buffered saline pH 5.0 so the OD was 0.3 units or less and the OD 

values were then compared to the calibration curve to give a dry cell mass 

concentration.

2.3.7 Determination of Cutinase Activity

Cutinase was measured spectrophotometrically in a 1 cm lightpath cuvette following the 

addition of 10 pL sample to 1 mL of 5 mM Tris(hydroxymethyl)aminomethane-HCl 5 

mM NaCl (pH 8.0) buffer and 10 pL of 1 % v/v ̂ -nitrophenylvalerate (pNPV, prepared 

in absolute ethanol). The change in absorbance at 405 nm was measured over 120 

seconds at a constant temperature of 20°C. Tris, HCl, NaCl and ethanol were obtained 

from Merck and /?NPV from Sigma.

The change in absorbance per unit time was related to the concentration of a standard 

solution of purified cutinase by means of a calibration curve. A cutinase concentration 

of 1.0 mg.L'^ gave a change in absorbance at 405 nm of 6.75 absorbance units per 

minute.

Cutinase standard solution was prepared from cutinase standard kindly donated by 

Unilever Research Laboratorium, Vlaardingen. The standard has a purity of 75% and 

was dissolved in 5 mM Tris(hydroxymethyl)aminomethane-HCl 5 mM NaCl (pH 8.0) 

buffer. The reference sample was stored at 5°C.
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2.3.8 HPLC Determination of Substrates and Metabolites

HPLC of supernatant samples was performed using a System Gold Chromatographic 

System (Beckman Instruments, Fullerton, CA, USA). The system comprised a pump 

(model 126), autosampler (model 407), ultraviolet detector (model 166) and refractive 

index detector (model 156) connected via an analogue interface (model 406). Control 

and data logging facilities were provided by System Gold software run on an IBM 

computer.

An Aminex HPX-37H cation exchange column protected by a Cation guard column 

(both from Phenomenex, Macclesfield, Cheshire, UK) was used to separate organic 

acids and carbohydrates. 20 pL samples were loaded onto the column and eluted with 5 

mM H2SO4 (BDH, diluted with HPLC grade water) at a flowrate of 0.6 mL.min'\ The 

column was maintained at 50°C in a column heater. Organic acids were detected by UV 

at 210 nm and carbohydrates by RI detector, with an amplification setting of 8 .

Materials and Methods, Page 82



Enhanced Definition and Process Confidence During Fermentation via Direct Product Monitoring

3 Monitoring of a-amylase Production During Batch Fermentation

3.1 Summary

This section describes the monitoring research for fermentation of recombinant E. coli 

producing a-amylase. A brief section on work previously performed on this system at 

UCL by Fischer (1996), Pierce (1996), Turner et al. (1994 h) and Murrell (1997) is 

detailed. 20L batch fermentation results are presented and fault detection attempted. 

These results are followed by a comparison of fermentations performed under different 

scales and efforts are made to reconcile the differences encountered in production at 

different scales.

3.2 Introduction - a-amylase and its History at UCL

a-amylase is a thermostable endoamylase which hydrolyses a-(l-4)-glycosidic linkages 

of amylase and amylopectin molecules of starch. It is widely used in the paper, textile, 

starch, distillation and brewing industries for the liquefaction of starch.

The system has been studied by various researchers at UCL. Fischer (1997) and Pierce 

(1996) utilised the fermentation (both hatch and fed-batch) to produce cells and product 

for downstream processing studies. Fischer used microfiltration of spheroplasts 

produced from osmotic shock to concentrate the product, whereas Pierce investigated 

the total downstream pathway, from primary cell recovery, through osmotic shock and 

spheroplast separation to final pure product gained via chromatography.

Turner (1993) investigated fed-batch fermentation for at-line analysis of substrate and 

by-product. This meant that close control of feeding regime was effected. It was found 

that selection of specific growth rate has a profound affect on the productivity of the 

fermentation.
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Murrell (1997) again used a fed-batch method of production to ascertain shear effects 

in the feed zone of a disc stack centrifuge upon whole cells and spheroplasts. He also 

identified holding strategies such as adding yeast extract towards the end of the 

fermentation, which resulted in much tougher (i.e. shear resistant) cells and succeeded 

in prolonging holding time at the end of the fermentation.

All studies using this system have shown that it suffers from plasmid segregational 

instability, leading to lower specific product titres over time (Turner 1993; Fischer 

1996; Pierce; 1996; Murrell, 1997).

3.3 Experimental Results and Discussion

The results depicted in this chapter were generated in an off-line manner, as is the case in 

the rest of this report. The idea was to use rapid data availability as a tool for process 

confidence, event detection and decision making, and eventually to take the off-line mimic 

forward to a stage where an on-line homogeniser, analyser and automated data collection 

facility could be used.

3.3.1 Event Detection During 20L Cultivation of E, coli JM107 pQR126 

Producing a-amylase

The main aim of the monitoring work performed on this fermentation was to build up a 

historical database of the fermentation, so deviations from normal behaviour could be 

identified as quickly as possible, and corrective actions taken to rescue the fermentation. 

As a way of testing the feasibility of this approach, it was proposed that fermentations 

should be performed where the antibiotic included in the medium (which confers 

plasmid stability and hence a-amylase production upon the cells) should be deliberately 

omitted. As this is probably the most easily identifiable fault for this fermentation (if 

there is no antibiotic, plasmid copy number in the cells will reduce, and less amylase 

will be produced than in a normal fermentation) it was hoped that in the space of a few 

hours, the omission of antibiotic could be identified. The next stage of this work was
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then to add the antibiotic to the medium and investigate whether the fermentation 

progress could be recovered and made to produce a-amylase.

3.3.1.1 Growth o f E. coli JM107pQR126

It can immediately be seen from Figure 3.1 that when antibiotic is present, growth is 

considerably delayed compared to when it is omitted. While some of this can be 

attributed to variation in the seed quality, it does appear that the antibiotic has a huge 

causative factor.

If no antibiotic is present in the medium, growth selective pressure is not in evidence, 

and under such conditions cells will grow more quickly because there is no requirement 

to replicate plasmid or product from the plasmid. This leads to a reduction in plasmid 

copy number in subsequent generations, a term known as segregational instability. This 

means a difference in amylase production should also be seen because there is an overall 

reduction in the plasmid numbers per cell for production and also there is no 

requirement for protein translation from the plasmids.

Figure 3.2 shows the growth of the cells plotted on a logarithmic scale. As can be seen 

from the figure, it is evident that the growth rates for the fermentations when antibiotic 

is omitted are higher than when antibiotic is present during fermentation because the 

slope of the plots are steeper.

Table 3.1 lists the growth rates calculated from the traces seen in Figure 3.2, along with 

the linear fit R values for the data. These R values indicate the percentage fit of the data 

gathered to a straight line, and all values are close to a value of one, or linearity.
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Figure 3.1: Production of biomass in 20L batch fermentation (working volume 

15L) of E. coli JM107 pQR126 producing a-amylase.

Comparison o f fermentations performed in the presence o f antibiotic (□ , O, A ) and fermentations 

performed when antibiotic was omitted (■, # ,  A). Lines represent a non-linear least squares model fît to 

each dataset. Downstream processing constraints meant that the growth o f the batch A  had to be curtailed 

in order that there was enough time remaining for the processing o f the material produced. Batch •  was 

curtailed because there was a 12 % dilution o f broth (and hence inoculum) at the start o f the fermentation 

(due to condensate leakage into the vessel).

a-amylase Chapter, Page 86



Enhanced Definition and Process Confidence During Fermentation via Direct Product Monitoring

I
<

c/]

I
O

o

¥

5 10 15 20 25

Fermentation time (hours)
Figure 3.2: Logarithmic scale growth of E. coli JM107 pQR126 in 20L batch 

fermentation.

Comparison o f fermentations performed in the presence o f antibiotic (□ , O, A) and fermentations 

performed when antibiotic was omitted (■, # ,  A).
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Fermentation

Batch

Specific 

Growth 

Rate (h'̂ )

R value

□ 0.33 0.99

O 0.31 0.99

A 0.34 0.99

■ 0.54 0.99

e 0.45 0.99

A 0.49 0.99

Table 3.1: Specific growth rates for each fermentation

Calculated from linear portions o f  Figure 3.2.

3.3.1.2 Total Protein and a-amylase Production

Regarding protein production, as all proteins produced within the cells are essential, 

apart from the a-amylase (which is a small proportion of the total protein produced), 

then no difference between protein production in fermentations with and without 

antibiotic should be observed. This is represented in the comparison between Figure 3.3 

and Figure 3.4.

Figure 3.3 shows total protein production with fermentation time. Five of the batches 

produce around the same amounts of protein, within 10% of a median point. Batch A  

shows a lower value, again because the batch was curtailed early. The same trends are 

followed as in Figure 3.1.

Figure 3.4 depicts the protein production with respect to biomass, a way of using a non

linear time axis. Plotting our variable of interest against biomass concentration instead 

of time, the lag times of the fermentations are of no consequence, and the total protein 

values at each cell concentration can be directly compared.
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It can be seen from Figure 3.4 that the protein per unit biomass for all of the 

fermentations are similar. It is also interesting to note that the relationship is essentially 

linear, meaning that the proportion of protein in each cell remains the same throughout 

the fermentations. This is to be expected. Later in the batches, towards the last five or 

six samples for each fermentation, there is a degree of dissimilarity between the batches. 

This is also to be expected as there are quite large amounts of biomass in the vessel, 

with a degree of difference between each batch. Hence a difference in protein 

concentrations is seen.

It is also interesting to note that the protein per cell may rise towards the end of the 

fermentations - if cells are lysing this would give a surplus of protein compared to cells 

due to the protein present in the medium from these lysed cells.
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Figure 3.3: Production of protein in batch fermentation.

Comparison o f fermentations performed in the presence o f antibiotic (□ , O; A ) and fermentations 

performed when antibiotic was omitted (■, # ,  A). Lines represent a non-linear least squares model fit to 

each dataset.
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Figure 3.4: Protein production with respect to biomass in batch fermentation.

Comparison o f fermentations performed in the presence o f  antibiotic (□ , O, A ) and fermentations 

performed when antibiotic was omitted (■, # ,  A).
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Figure 3.5: a-amylase production in 20L batch fermentation.

Comparison o f fermentations performed in the presence o f antibiotic (□ , O, A ) and fermentations 

performed when antibiotic was omitted (■, # ,  A). Lines represent a non-linear least squares model fit to 

each dataset.
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Investigating amylase production in the six fermentations, it can be seen from Figure 3.5 

that there is a difference in the amounts of amylase produced in the two fermentation 

types. It is immediately evident that total a-amylase production in fermentations without 

antibiotic is much lower than in the normal fermentations, achieving a maximum of 

only 5 Units.mU^ which is much lower than the 50 Units.mL'^ seen at the end of 

batches □  and O. a-amylase production is lower in batch A  due to the early ending of 

the fermentation so that downstream processing could commence on schedule, because 

a longer lag time than normally seen was experienced.

It is also interesting to note that a-amylase levels peak in the fermentations without 

antibiotic presence, and then reduce, a possible effect of protease action in the medium, 

or perhaps even shear from the high stirrer speeds and airflows required at the higher 

biomass concentrations seen later in the fermentations. This could be the case because 

all of the a-amylase is secreted from the periplasm in these fermentations as opposed to 

only 30 - 50 % in the normal fermentations.

3.3.1.3 Data Manipulation for Identification ofAntibiotic Omission

Analysing these results, it is possible to detect when a fermentation is not performing as 

normal, in this case considering when antibiotic is accidentally omitted from the vessel 

upon inoculation. If, as in an industrial process, we were relying only upon OD traces to 

assess the immediate performance of the process (say from using only Figure 3.1), or if 

we had to wait hours or even days for assay results from a QA section, we would not be 

able to tell until at least 10  hours into the fermentation that a problem had occurred. 

This is rather late in the day, as the fermentations omitting antibiotic are then well into 

exponential growth phase, and finish as soon as two hours after this time point. It is 

therefore obvious that a quicker way of detection is needed. This involves using the 

growth data along with the product data to try and provide a more rapid fault detection, 

and is depicted in Figure 3.6.
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Figure 3.6: a-amylase production versus OD in 20L batch fermentation.

Comparison o f fermentations performed in the presence o f antibiotic (□ , O, A ) and fermentations 

performed when antibiotic was omitted (■, # ,  A ) using biomass measurements as a ‘non-linear’ 

measurement to co-ordinate results between batches which have different time spans.
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It can be seen from Figure 3.6 that a difference in a-amylase production between the 

two fermentation types becomes apparent at an optical density of between 2 - 4  units, or 

around 8 - 1 2  hours in the fermentations. However, at an OD of 2.0, batches A  and #  

have a-amylase values very close to each other and upward trends in amylase 

concentration with time, so a longer period must be allowed in order that the two 

batches can be seen to be performing differently. The safe detection point then emerges 

from an OD of 3.0 onwards, when batch #  a-amylase trace begins to level out while A  

continues to rise steeply.

3.3.1.4 Correction o f the Detected Fault

From the results of experiments carried out to assess the impact of antibiotic omission it 

was then the aim to correct the omission by utilising real-time rapid monitoring to 

identify the fault, allowing antibiotic to be added to the vessel to try and influence 

greater a-amylase production. This would allow the fermentation to produce enough 

protein to make downstream processing viable.

It was decided to add antibiotic at around an optical density of 3.0 units. This would 

account for any eventuality of slower fault detection due to long lag phases or 

suboptimal seed, and also mean that experimental bias would not allow earlier antibiotic 

addition because the fault was deliberately introduced.

The fermentation was carried out as normal, except that antibiotic was omitted, and then 

introduced to the vessel at an OD of 3.3 absorbance units. Figure 3.7 shows the growth 

throughout the fermentation, in comparison to the other fermentations.
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Figure 3.7: Biomass production versus OD in 20L batch fermentation.
Comparison o f fei'mentations performed in the presence o f antibiotic (□ , O, A ) and fermentations 

performed when antibiotic was omitted (■, # ,  A). Also included is a femientation where fault detection and 

attempted recovery of 'normal ’ growth and production was attempted fO).
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It can be seen from Figure 3.7 that growth without antibiotic presence mirrors the three 

other fermentations without antibiotic presence. However, when antibiotic is added to 

the fermentation, it is interesting to see that growth is not immediately slowed or halted. 

Later on in the fermentation though, at around 13 to 14 hours (3 to 4 hours after 

antibiotic addition) growth slows. It is interesting to see that overall time for the 

fermentation is 19 hours, which is similar to that for fermentation when antibiotic is 

included in the media.

Amylase production is investigated in Figure 3.8. This shows the early parts of the 

fermentations, with the results of batch 0  included.
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Figure 3.8: a-amylase production versus OD^oo in the early part of 20L batch 

fermentation.

Comparison o f fermentations performed in the presence o f antibiotic (□ , O, A) and fermentations 

performed when antibiotic was omitted (■, # ,  A). Also included is a fermentation where fault detection 

and attempted recovery o f ‘normal ’ growth and production was attempted ((>).
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Figure 3.9: a-amylase production versus biomass in 20L batch fermentation.

Comparison o f fermentations performed in the presence o f antibiotic (□ , O, A) and fermentations 

performed when antibiotic was omitted (■, # ,  A). Also included is a fennentation where fault detection 

and attempted recovery o f ‘normal ' growth and production was attempted (0).
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From Figure 3.9 it is obvious that identification of antibiotic omission could be 

performed as early as an OD of 1.5, or 8.5 hours into the fermentation, and by an OD of 

2.0 units the fermentation is clearly not performing as desired. However, as sometimes 

long lags or suboptimal seeds may be used (as in A), and more assay results are needed 

to increase confidence in the results obtained, it was decided to leave antibiotic addition 

until the optical density reached a value of 3.0 absorbance units. This was a time of 9.5 

hours in to the fermentation (compared with times of 7.5, 10 and 9.5 hours for 

fermentations ■ , # ,  A. respectively). This enabled the confidence in the amylase results 

to be checked by examining further samples.

It was thought that addition of antibiotic would slow the fermentation by inhibiting 

growth of all cells not containing the plasmid (and hence having no antibiotic 

resistance). Hopefully this would lead to the fermentation ‘starting over’ from a small 

population of plasmid containing cells and producing an amount of a-amylase upon 

which it was worth performing downstream processing in order to recover.

As already shown in Figure 3.7, growth of the culture was prolonged by 12 to 14 hours 

over the other three fermentations performed without antibiotic presence. However, a- 

amylase production was not recovered. This is seen in Figure 3.10.
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Figure 3.10: Total a-amylase production in 20L batch fermentation.

Comparison o f fermentations performed in the presence o f  antibiotic (□ , O, A ) and fermentations 

performed when antibiotic was omitted (■, # ,  A). Also included is a fermentation where fault detection 

and attempted recoveiy o f ‘normal ’ growth and production was attempted ((>).
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From Figure 3.10, it can be seen that a-amylase production in the recovery fermentation 

parallels production in the three fermentations where antibiotic is omitted. To 

understand this phenomenon we must look at the numbers of plasmid containing cells in 

the fermentations.

Batch ID % Pop

Batch Start

ulation Containing F 

Batch Mid-point

lasmid 

Batch End

Batch □ , O, A 70 - 90% 80 - 90% 80 - 90%

Batch ■ , # ,  ▲ 55 - 90% 35% 5 - 10%

Batch 0 75% 5% 65%

Table 3.2: Plasmid Retention Figures for the Fermentations.
Results shown are an average o f  three dilutions o f  fermentation sample with selection o f  results which 

are in range fo r the assay technique.

From Table 3.2, it can be seen that plasmid retention of cells in normal fermentation 

remains stable. This would be expected as antibiotic is present, so loss of plasmid 

should not occur. As expected, in batches without antibiotic present, plasmid retention 

steadily drops throughout the fermentation, finishing at a low point of 6  - 7%. A 

plasmid presence of 100% is never seen in any of the fermentations even at the start. As 

the fermenter is inoculated fi-om shake flasks which have no pH and DOT control, the 

cells will be stressed, and in a suboptimal pH environment with low DOT during the 

latter stages of the seed production. This may lead to values of only 70 - 90% of the 

cells containing plasmid, as seen at the start of the fermentations.

The recovery batch (O), had an unusually low plasmid figure for plasmid retention at 

the mid-point of fermentation (in this case just before antibiotic addition). The 

interesting point of this work is that the population regains plasmid by the end of the 

batch. However, as already seen in Figure 3.10, a-amylase production is not recovered.
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This means that even when antibiotic omission can be identified, the fermentation 

cannot be turned around and forced to produce a-amylase by merely adding antibiotic. 

Growth is slowed and plasmid recovered in the population, but a-amylase production 

does not recover.

This non-recoverability of the fermentation stems in part from the fact that it is only a 

batch operation. Control operations in batch fermentation are few and far between, and 

usually only apply to the normally controlled parameters such as pH, temperature, 

dissolved oxygen tension etc. If fault detection were to be used in a situation where 

more influence can be exerted over the cells, such as in fed-batcb or continuous 

processes, we may well have found that the process was recoverable. The antibiotic was 

added at an OD of 3.0 units, leaving only three more generations before harvest is 

undertaken on this process. As the cells were well in to the logarithmic stage of growth, 

the addition of kanamycin was not enough to slow growth enough to allow a-amylase 

production to recover.

This may be because only 3 more generations of cells are available before harvest 

(which normally occurs at an OD of 25 units). Or perhaps there simply isn’t enough 

time to make sufficient levels of product. Another explanation is that although plasmid 

is regained, some structural plasmid instability has occurred through insertions or 

deletions on the plasmid, and even though antibiotic resistance is in evidence, the 

structural gene for a-amylase expression may have been lost somehow.

This does not mean to say however, that the fault detection has no value. If detection of 

even a non-recoverable fault can be performed as early as possible, it means early 

termination of the fermentation, resulting in a saving in man hours, services etc. It also 

means the vessel and ancillaries can be turned around more quickly in readiness for the 

next batch.
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3.3.2 Comparison of Fermentation Scale

The data presented in this section of the report is from the use of two vessels, the 20L 

used for the antibiotic omission work, and the Chemap 450L vessel. The data from the 

2 0 L batches has been used in the previous sections, and is from batches □ , O, A .

The scale comparison work has utilised rapid monitoring to investigate production of 

proteins throughout a process. This could be of great use in determining why scaled-up 

operations often perform differently to smaller scale operations, even though strict 

scale-up rules have been followed.

3.3.2.1 Growth and Protein Production

Investigating growth of the organism in the two vessels, it is apparent from Figures 3.11 

and 3.12 that the cells exhibit faster growth in the 450L vessel than in the 20L vessel. 

This is also mirrored in Figure 3.13, where protein production is also faster, as expected, 

it is interesting to note that protein levels are slightly higher in the faster growing 45OL 

fermentations than in the 20L fermentations.
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Figure 3.11: Biomass production in 20L and 450L batch fermentation.

Comparison o f fermentations performed at 20L scale (working volume I5L) (□ , O, A) and 

fermentations performed at 450L scale (working volume 300L) (■ , # ,  A). All fermentations were 

performed with antibiotic present in the media.
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Figure 3.12: Logarithmic scale biomass production in 20L and 450L batch 

fermentation.

Comparison o f fermentations performed at 20L scale (working volume 15L) (□ , O, A ) and 

fermentations performed at 450L scale (working volume 300L) (■, # ,  A).
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Figure 3.13: Total protein production in 20L and 450L batch fermentation.

Comparison o f fermentations performed at 20L scale (working volume 15L) (□ , O, A) and 

fermentations performed at 450L scale (working volume 300L) (■, # ,  A).
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5.3.2.2 a-amylase Production

From Figure 3.14, it is seen that a-amylase production occurs all the way through the 

450L fermentations. This is to be expected as the 45OL vessel has been inoculated from 

the 20L vessel, where a significant amount of amylase has already been produced. The 

levels of a-amylase produced in the 20L fermentations are also much higher than those 

of the 45OL. Only 15 to 20 Units.mL*^ are produced in the 45OL fermentations, whereas 

upwards of 50 Units.mL’̂  are seen in the 20L fermentations. It is thought that this is an 

effect of the specific growth rates seen in the fermentations - the specific growth rate in 

the 20L fermentation starts low and gradually increases to a maximum, whereas the 

specific growth rate in 45OL fermentation begins at a higher value and stays more or less 

constant during the entire fermentation. However, it is also worth pointing out that if the 

45OL fermentation could be kept running for longer, it appears as if the amylase titre 

could be increased to the same levels produced in the 20L fermentations (i.e. the 45OL 

production could almost be the early part of the 20L production curves). This is not 

possible though, because the 45OL fermentations have almost exhausted the carbon 

source in the medium at the OD of 25 that is reached, and oxygen transfer limitation is 

also becoming a problem at this point.

Figure 3.15, investigating a-amylase concentration plotted against biomass 

concentration, in order to provide a non-linear time axis, allows visualisation of product 

levels at similar biomass concentrations. The first thing to note is that the production of 

amylase is much faster in the slower growing 20L fermentations. By an OD of 5, the 

amylase titre in 20L fermentation is 20 - 30 Units.mL'^ and only 5 Units.mL’̂  in 450L 

fermentation. At the end of the fermentations (at an OD of 25) the titre in 20L 

fermentation is upwards of 50 Units.mL'^ and only 1 5 - 2 0  Units.mL'^ in 450L 

fermentation. This again, is due to the fast growth of the 45OL fermentations as opposed 

to the 20L fermentations.
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Figure 3.14: Total a-amylase production in 20L and 450L batch fermentation.

Comparison o f fermentations performed at 20L scale (working volume 15L) (□ , O, A ) and 

fermentations performed at 450L scale (working volume 300L) (■, # ,  A).
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Figure 3.15: Total a-amylase production versus biomass in 20L and 450L batch 

fermentation.

Comparison o f fermentations performed at 20L scale (working volume 15L) (□ , O, A) and 

fermentations performed at 450L scale (working volume 300L) (■, # ,  A).
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T h e e x p la n a tio n  for th is  b eh a v io u r  l ie s  in  th e  s e e d in g  m e th o d s  u sed  for each  

ferm en ta tio n , and  th e se  can  b e  se e n  in  F igu re 3 .1 6 .

n
Glycerol stock Nutrient agar plates 

24 hr
Shake flask 
23 hr

450L fermenter 
12 hr

20L fermenter 
25 hr

Downstream  processing

Figure 3.16: Diagram of the seeding regime during a-amylase production.

In 2 0 L  cu lt iv a t io n , la g  t im e s  o f  up to  14 h ou rs are s e e n  (a s  in  b a tch  A ). T ota l 

ferm en ta tio n  t im e  can  b e  as lo n g  as 2 5  h ou rs, but a - a m y la s e  titres are up to 5 0  

U n it s .m U '.  In 4 5 0 L  cu lt iv a t io n , n o  la g  is  e x p e r ie n c e d , th e  fer m e n ta tio n  la sts o n ly  12  

h ou rs, and lo w e r  a -a m y la s e  titres o f  2 0  U n its .m U ' are p ro d u ced . T h e  r e a so n s  for th e se  

d iffe r e n c e s  l ie  in  th e  s e e d in g  o f  th e tw o  v e s s e ls .

A s  can  b e  se e n  from  F ig u re  3 .1 6 , th e se e d  train ta k es p la c e  from  g ly c e r o l s to ck  to  

nutrient agar p la te . T h e  p la te s  are in cu b a ted  at 3 7 °C  for a p p r o x im a te ly  2 4  h ou rs, and  

th en  c o lo n ie s  are u sed  to in o c u la te  sh a k e  fla sk s. T h e s e  are in cu b a ted  at 3 7 °C  for 23  

h ou rs, and then  u sed  to in o c u la te  th e 2 0 L  ferm enter.
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However, for inoculation of the 45OL vessel, material produced in the 20L vessel is 

used. This is the main reason why production between the two different scales is 

different.

As stated above, the 20L vessel is seeded from shake flasks. Of necessity, these are 

producing cells in a relatively uncontrolled environment. Sterility is maintained, and the 

temperature controlled, but there is no pH control in a shake flask, and no control of 

dissolved oxygen levels. As a consequence, when inoculating the 20L vessel from shake 

flasks, a lag phase of growth is experienced. When inoculating the 45OL fermenter, 

however, the cells are already moving from a controlled environment into the same 

circumstances albeit with fresh medium. Hence there is no lag, the cells continue 

growing as they had been in the 20L vessel and rapid growth is seen in the 45OL vessel.

33.2.3 Scaledown Experiments

In order to test the seeding hypothesis, scaledown experiments were performed, seeding 

the 20L vessel from a 2L fermenter in order to mimic the 20L to 45OL vessel sequence 

i.e. it was hoped to disprove the theory that the cells were simply showing different 

behavioural patterns in a different vessel. Strict scaledown rules were followed to ensure 

that experimental conditions were similar i.e. the 2L was inoculated with a 10% 

inoculum while the 20L was inoculated with a 4% inoculum from the 2L vessel. Stirrer 

speeds were restricted in the vessels so the maximum volumetric gassed power was 

equivalent between the 2L and 20L seed vessels and also between the 20L and 45OL 

production vessels. As gassed power reflects directly the mass transfer and mixing 

capabilities of the fermenter, it is the most commonly used scaling parameter. Also, 

when gassed power is known, kta, the volumetric mass transfer coefficient can be 

calculated. This gives a measure of how efficient oxygen transfer within the vessel is.
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P * N^ * D,
y  y  (3.1)

where Pg = Gassed power requirement (W)

?o = Impeller power number (5 for Rushton turbine in turbulent 

conditions)

p = Density of medium (assumed to be 1000 kg.m'^)

N = Impeller speed (revs.s'

Di = Impeller diameter (m)

V = Liquid volume (m^)

The power input must then be adjusted for the number of impellers available in each 

system.

Equation 3.1 was used to calculate the maximum impeller speed allowable in the 2L 

fermenter in order to mimic conditions in the 20L vessel in batch mode, and also to 

calculate the maximum impeller speed of the 20L vessel when used as a scaled down 

45OL vessel.

The outcome of the calculations was that the 45OL and 20L vessels could be run as 

normal as their volumetric gassed power requirements were very similar. However, the 

2L vessel had a restricted maximum impeller speed of 1200 rpm instead of the 1500 

rpm normal for that vessel. The calculations ensured similar mixing and mass transfer 

conditions in the vessels.

The second requirement was that turbulent conditions (Reynolds number greater than 

10000) prevailed in the vessels in order that the correlation used for the gassed power, 

in particular so that the impeller power number was correct. This was calculated from:
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Re = N * D j

M m

where Re = Reynolds number

fo-m = medium viscosity (0.001 Ns.m'^)

All the vessels exhibited Reynolds numbers well in excess of 10000, demonstrating that 

the value of 5 for the impeller power number was correct.

A further requirement is to keep the superficial gas velocity (Vs, m.s'^) similar in the 

vessels. This means the 2L vessel in batch mode may have a normal air flow (normally 

1.5 wm ). The 20L vessel (when in batch mode to seed the 45 OL vessel) air flow is 

restricted to keep the superficial gas velocity similar to that employed in the 2L vessel.

airflow 1 
Vs = — ----- * —

csa 3600
(3.3)

Where Vs = superficial gas velocity (m.s'^)

airflow = air flowrate (m^.h'^) 

csa = vessel cross-sectional area (m^)

3600 = s.h’̂

Also, the 20L vessel when run as the production vessel seeded from the 2L vessel has a 

maximum air flowrate of 15 Lpm. The 450L vessel when seeded from the 20L vessel 

thus has its airflow restricted to give the same superficial gas velocity as the 20L 

production phase.
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Growth of the 20L seeded from the 2L vessel is depicted in Figure 3.17. As can be seen, 

the 20L seeded from the 2L vessel (O ) behaves similarly to the 450L growth profiles 

(■, # , A). The growth is much more rapid than in the three normal 20L (□ , O, A ) 

profiles which are also included in the figure. This is also seen in Figure 3.18, which 

shows total protein production during the 20L seeded from a 2L vessel, the two 45OL 

batches and the three normal 20L batches.
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Figure 3.17: Biomass production in 20L, 450L and 20L scale mimic of 450L 

fermentations.

Comparison o f 20L fermentation (□ , O, A ), 450L fermentations (■, # ,  A ) and a fermentation attempting 

to mimic 450L production at 20L scale (O).
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Figure 3.18: Total protein production in 20L and 450L batch fermentation.

Comparison o f 20L fermentation (□ , O, A ), 450L fermentations (■, # ,  A ) and a fermentation attempting 

to mimic 450L production at 20L scale (O).
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With rapid growth product titres fall dramatically, as has already been shown in Figures 

3.14 and 3.15. It comes as no surprise then, that when investigating amylase production 

in scaledown studies, that amylase titres are as low as in 450L cultivation. This is shown 

in Figure 3.19.

As can be seen, a-amylase production in scaledown studies follows the same profile as 

during 450L cultivation (Figure 3.19). This is not seen when plotting a-amylase 

concentration against biomass concentration (Figure 3.20) -  the trend seems to start 

similar to 20L cultivation and end similar to 45OL cultivation. Growth due to seeding 

from controlled environments thus reduces fermentation time by up to 50%, but also 

reduces product titres by 50 - 60%. It is thought that this is due to the rapid growth 

observed, which reduces plasmid copy number in each cell, and hence cellular 

productivity. It is also worth noting that although the scale-down rules are consistent for 

the vessels, growth and production of the a-amylase were significantly different in the 

2L vessel compared to the 20L vessel. Much less a-amylase was produced in the 2L 

vessel and growth occurred more rapidly. This would appear to indicate that more 

investigative work is required on this system. Encouragingly however, the production of 

a-amylase in the 20L seeded from the 2L vessel is similar to that of production in 45OL 

cultivation. Production of a-amylase with biomass shows a slightly different picture 

however, with the production in the 20L seeded from the 2L again showing a rapid rise 

at the start of the monitored fermentation similar to that seen in normal 20L 

fermentations seeded from shake flask. Final product titre is similar to 45OL 

fermentation however.
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Figure 3.19: Total a-amylase production in 20L and 450L batch fermentation.

Comparison of 20L fermentation (□ , O, A ), 450L fermentations (■, # ,  A ) and a fermentation attempting 

to mimic 450L production at 20L scale fO).
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Figure 3.20: Total a-amylase production versus biomass concentration in 20L and 

450L batch fermentation.

Comparison of 20L fermentation (□ , O, A ), 450L fermentations (■, # ,  ▲) and a fermentation attempting 

to mimic 450L production at 20L scale ('O).
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3.4 Discussion

Rapid direct product monitoring has been utilised within the constraints of a batch 

fermentation methodology in an attempt to highlight faults which may occur, and also to 

attempt to influence the direction these faults may force the fermentation to take.

As a fault detection tool, direct product monitoring methods appear to be successful, 

allowing identification of what was anticipated to be the most extreme non-mechanical 

fault, omission of antibiotic. This was most useful when coupling direct product 

monitoring with routine analyses such as biomass (via optical density measurements) 

and therefore looking at trends in product per unit biomass.

As an analysis technique, specific measurements (measurement per unit mass) have long 

been utilised to allow comparison of like quantities. For example specific density 

compares densities of the material in question with a reference material density, usually 

water (Doran, 1995). The advantage of this form of analysis in this case is that any 

effect on product of unusual or unexpected growth of cells (lag times, plasmid loss) can 

be accounted for. Of course, this method will only be useful for analysis and fault 

detection in a constitutively expressed product system such as a-amylase produced in E. 

coli. A system where production is induced would mean that specific product levels 

should increase dramatically. Inducible systems are generally utilised to increase yields 

of products, so a generous level of biomass is cultivated and then forced to produce 

product. This can adversely affect cell growth, so fed-batch fermentations can be used 

where growth of cells can be controlled. The additional feeding of extra nutrient post

induction may also prolong the production phase of the fermentation and increase yields 

of product still further.

Obviously, if a historical database of successful fermentations is available for 

comparison with rapidly available results, then process confidence is greatly improved if 

comparison with the ‘norm’ yields close results. Because of the process confidence 

instilled by these methods, any unusual occurrences can be more easily identified. This 

fault identification was the primary aim of the work demonstrated in this Chapter.
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The benefit of the fault detection method is that early identification of the fault may lead 

to early turnaround of the equipment used in production, facilitating less downtime for 

process failures. As failure rates in industrial fermentations can run as high as 15 - 20% 

(Royce, 1993), obviously the lower the downtime values the better.

It would have been advantageous to be able to recover the fermentation by adding 

antibiotic and forcing the cells to produce a-amylase. However, this did not occur, even 

though the percentage of viable population containing plasmid was recovered to normal 

levels by the end of the process. Possibly what was happening was that plasmid-free 

cells were inhibited from growth when the antibiotic was added. The plasmid containing 

cells continued growing, but at a much reduced specific growth rate due to the necessity 

of having to replicate plasmid before reproducing. This led to the lag in growth seen 

after antibiotic addition and the diauxic growth curve produced in Figure 3.7. Product 

levels remained low even after antibiotic addition because the plasmid levels in the cells 

were so low.

Scale-up differences were also highlighted by monitoring the product concentration 

directly. As the growth of cells may be different and hence the timescales are different, 

when comparing production at different scales it was advantageous to use a normalised 

timescale, in this case using biomass production in a similar way as was used when 

performing the fault detection. Plotting the production titre against the biomass 

concentration gives a valid basepoint for comparison of different fermentation strategies 

where biomass concentration and not batch time is an important variable.

The main differences highlighted in the scale comparison were that growth was much 

more rapid when a fermenter is seeded from another fermenter; i.e. that when seeding 

from a non-pH controlled (buffered) and low oxygen transfer environment such as a 

shake flask, a long lag time while the cells become accustomed to the new environment 

may be inevitable, a-amylase production was also different at the two scales and there 

are two possibilities for this: either plasmid copy number is lower in the cells at the 

45OL stage because of the extra number of generations of cells so that a-amylase 

production rates are lower, or the more rapid and constant specific growth rate seen in
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the 450L stage as compared to the 20L seed stage means less time was available to the 

cells for protein translation from the plasmids due to the rapid growth seen, and so less 

product is formed. In short it is either less plasmid or less time.

However, it is important to note that because there are no plasmid retention figures 

available for the 45OL fermentations or the scale-down fermentation, this hypothesis 

cannot be fully proved. It is assumed that presence of antibiotic will ensure plasmid is 

retained in the population (as it is in 20L batch culture. Table 3.2) and this appears to be 

the case because product is indeed formed. However, because product is not formed to 

the levels seen in 20L batch fermentation, further experimentation demonstrating that 

plasmid is indeed retained throughout the entire population at 450L scale and in the 

scale-down fermentation would be helpful.

In some systems productivity of recombinant plasmids has been shown to fall with age 

of culture due to structural instability of plasmids, so there can be less product when 

cultures are older or further along a seed train. With modem expression systems such as 

the one in use here this stmctural instability should not occur (Murrell, 1997).

However, there is also an effect called segregational instability caused by defective 

partitioning of plasmid during cell division. Over the course of a fermentation with a 

fast growing population (such as a batch fermentation where growth is uncontrolled and 

will approach the maximum specific growth rate for that system) the plasmid copy 

numbers per cell tend to fall due to lack of time for daughter cells to return to a full 

complement of plasmids before the next division cycle begins. This also happens 

because cells containing fewer plasmids will have competitive growth advantages over 

cells containing many copies of plasmids (because of the extra resources required to 

maintain a larger plasmid population within the cell). So this segregational instability 

will lead to substantially reduced product expression as is the case in 45OL 

fermentation. This is due to plasmid reduction because of the seed train effect where 

seeding directly from the 20L fementer to the 45OL fermenter gives a low lag time and 

sustains the already rapidly growing population leading to less product expression.
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These findings were also borne out by the scaledown experiment where a 2L and 20L 

vessel were used to mimic the 20L and 45OL vessel. Although growth and production of 

a-amylase were lower in the 2L vessel than in the 20L vessel when used as a seed stage, 

the 20L vessel mimicking the 45OL vessel gave similar growth and production.

Table 3.3 below indicates the levels of a-amylase both within the cells and in the 

medium, along with the percentage a-amylase secreted at the end of all fermentations 

documented in this report.

Batch ID Total

Amylase

Activity

(Units.mL’*)

Extracellular

Amylase

Activity

(Units.mL'*)

Percentage

Amylase

Secreted

□ , 20L antibiotic included 51 27 53

0 ,2 0 L  antibiotic included 51 27 54

A , 20L antibiotic included 28 11 41

■, 20L antibiotic omitted 2.8 3.2 100

# ,  20L antibiotic omitted 5.0 5.6 100

▲, 20L antibiotic omitted 4.7 4.2 90

0 ,20L ‘recovery’ 5.0 4.1 83

■ , 450L 27 7.8 28

e ,4 5 0 L 11 5.8 49

A, 450L 17 6.0 35

0 ,2 0 L  mimic of 45OL 18 7.8 42

Table 3.3: Protein and a-amylase production in 20L and 450L batch fermentation.

It can be seen that batches □  and O give very similar results, ignoring the results from 

batch A  which was curtailed early in the batch. From these fermentations it is seen that
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normal amylase productivity per batch is around 50 Units m L '\ Also, approximately 

50% of the product is leaked out of the cells.

When looking at batches where antibiotic is omitted, it can be seen that amylase 

productivity is very low, and 90 - 100% of the product is leaked out of the cells. When 

performing a recovery of the batch, amylase levels stay the same, but percentage 

secreted drops slightly.

Finally, 45OL batches produce far less a-amylase than 20L batches, and also secrete less 

of the product.

3.5 Conclusions

It has been demonstrated that fault detection can be performed in a batch fermentation 

where a recombinant product is constitutively produced. Combining product analysis 

techniques with biomass monitoring can give indications of fermentation progress and 

any faults developing early in the process. In this case, omission of antibiotic can be 

detected earlier than if simple biomass (OD) monitoring was to be used as an indicator 

of progress, as is the case with many industrial fermentations.

The monitoring techniques used are also applicable for information gathering - in this 

instance a scale-up and scale-down approach has been used and the data gathered 

applied to detect differences in the production at different scales of fermentation. There 

appear to be production differences which may be due to the number of generations of 

the cells in each system which could be leading to lower plasmid numbers in daughter 

cells and thus less production i.e. each successive daughter population harbours less 

plasmid numbers per cell meaning less product per cell can be formed.

Alternatively, the controlled environment in seed stage fermenters (as opposed to within 

shake flasks) may lead to less of a lag phase in production fermenters and hence more 

rapid growth, meaning that again the daughter cells may have less plasmid and produce
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less product. Also, there is probably a combination of rapid growth causing 

segregational plasmid instability and so less plasmid, and also the fact that faster growth 

means less time to produce product, hence titres are lower.
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4 Monitoring of Recombinant Cutinase Production During 20L Fed 

batch Fermentation of Saccharomyces cerevisiae

4.1 Summary

This section details monitoring undertaken during fed-batch fermentation of 

recombinant Saccharomyces cerevisiae producing a fungal enzyme, cutinase. This 

phase of work occurred as part of an EU Framework IV program. A brief introduction to 

yeasts and their history and commercial exploitation is followed by an explanation of 

the utilisation of lipases in detergents. The biochemistry behind the promoter system 

used in this study is then explained, along with some assumptions used to make 

subsequent calculations more accessible. Fermentation results are then presented, which 

lead on to methods of data manipulation and eventually to process models based on 

assumptions made earlier in the chapter. Finally, further results are introduced before a 

discussion of the results and conclusions is presented.

4.2 Introduction

Since the emergence of basic biochemical methodologies necessary for genetic 

engineering in the 1970s, developmental work has led to the production of several 

useful products including insulin, interferon, and growth hormones in organisms such as 

E. coli, B. subtilis and S. cerevisiae. Although early research in recombinant DNA 

technology was focused mostly on prokaryotes such as E. coli, its plasmids and 

bacteriophages (O'Kennedy, 1995), in the last few years the yeast Saccharomyces 

cerevisiae has also become an attractive host for studying the expression of eukaryotic 

proteins. Yeast has some major advantages over expression in prokaryotic systems: it is 

eukaryotic and so more likely to provide a suitable environment for the folding of 

foreign eukaryotic proteins than E. coli, and can be more readily used for secretion of 

proteins. It can also be easily cultivated to high cell densities. However, the yield of
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foreign products in yeast is typically lower than in E. coli, although generally higher 

than in mammalian systems (Romanos et a l, 1995).

Patkar and Seo (1992) also state that this yeast is non-pathogenic (GRAS - generally 

regarded as safe) and so is regarded as highly acceptable for the production of 

pharmaceuticals; there is an abundance of information available on yeast microbiology 

and biochemistry; the cells are organised into the same major membrane-bound 

compartments as other non-photosynthetic eukaryotic cells; it performs some post- 

transcriptional and post-translational modifications characteristic of eukaryotes; it can 

be grown on inexpensive medium.

Romanos et al. (1995) outlined some additional points to consider when choosing yeast 

expression over E. coll. These include the points made above but also other 

considerations: products which are insoluble in E. coli are generally soluble and active 

in yeast; proteolytic degradation is much less of a problem in yeast than in E. coli; many 

post-translational modifications that aren’t carried out in bacteria are carried out in 

yeast; yeast has proved successful in secretion of small unglycosylated proteins such as 

epidermal growth factor (EOF). Secretion of larger proteins is often successful, although 

unpredictable; yeast can be rapidly manipulated and so is a good system to investigate 

site-directed mutagenesis (SDM) studies where rapid expression is required from many 

variations of a gene. The main disadvantage seems to be that production of mammalian 

glycoproteins is not feasible due to differences in glycosylation pattern.

Yeasts are also useful for production of proteins which are toxic to prokaryotes and 

yeast mutants allow study of the effects of altered glycosylation patterns. S. cerevisiae 

also excretes less extracellular components and by-products than E. coli, so purification 

of secreted products is simpler.

These reasons all mean that yeast is now the organism of choice for producing 

heterologous proteins, and many biomedical products have been produced in yeast and 

are in current use. Table 4.1 gives an idea of the extent and diversity of these products.
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Product type Product

Viral Hepatitis B surface antigen particles 

HIV reverse transcriptase 

Herpes simplex thymidine kinase

Hormones Mature insulin 

Human growth hormone

Growth factors Granulocyte / macrophage colony 

stimulating factor 

Human nerve growth factor 

Mouse interleukin-2

Blood products Human factor XlUa 

Leech hirudin 

Human serum albumin

Antibodies Functional antibody and Fab 

fragments

Receptors Oestrogen receptor

Table 4.1: Cloned gene products of pharmaceutical interest that have been 

expressed in Saccharomyces cerevisiae (O’Kennedy, 1995).

4.2.1 Cutinase and its Uses and Production

Cutinase is a term originally coined to describe a hypothetical enzyme which was 

postulated to be involved in the disruption of cutin, the structural component of plant 

cuticle, by fungi and pollen tube during their penetration of the plant cuticle. Although 

indirect evidence of the existence of such enzymes was available, the nature of neither 

the enzyme nor its substrate was elucidated until recently (Kolkatuddy, 1984). Cutinase 

action was first identified in extracellular culture fluids of fungal plant pathogens, and 

the enzymes were then extensively studied both biochemically and enzymatically. 

Chemical modification reactions have provided evidence that cutinases belong to the
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class of serine esterases, containing a consensus catalytic triad (Ser-Asp (or Glu) -His) 

(Mannesse et a l, 1995). The stretch of residues containing the active site serine (Gly- 

Tyr-Ser-Gln-Gly), matches the consensus sequence commonly found in esterases and 

lipases (Lauwereys et a l, 1991).

Because of this sequence homology, cutinases are able to hydrolyse fatty acid esters and 

emulsified triglycerides as efficiently as lipases, but without displaying the interfacial 

activation that lipases have (lipids are insoluble in water and lipases exhibit maximum 

activity at the lipid / water interface.). This property renders cutinases suitable for use in 

detergents. However, naturally occurring cutinase-producing fimgi are not suitable for 

large scale production because production levels associated with these organisms are 

low, and it is therefore necessary to transfer the cutinase gene into alternative host 

microorganisms used for heterologous protein production. These have generally been 

Aspergillus awamori (van Gemeren et al., 1995 and 1996), Escherichia coli (Lauwereys 

et a l, 1991) and Saccharomyces cerevisiae (Mannesse et al., 1995 a and b; van 

Gemeren et al., 1995).

Once the cutinase is expressed in suitable hosts, then it is possible to produce it in 

quantities such that it can be used in detergents such as washing liquids and biological 

washing powders. This can greatly increase the cleaning powers of the products at low 

temperatures, thus ensuring more popular product and greater profit for the 

manufacturer. Because of this, the industrial significance of this enzyme should not be 

underestimated. However, production of the protein must be optimised which means 

fermentation development is required.

4.2.2 Metabolism of GAL Promoter System

The recombinant S. cerevisiae host used in this study carries chromosomally-integrated 

copies of the Fusarium solani pisi cutinase gene (CYOOO) under the control of a 

galactose-inducible GAL7 promoter (van Gemeren et al., 1995). In the absence of 

glucose, the addition of galactose results in the rapid induction of GAL-regulated 

promoters but galactose will be immediately metabolised and induction will be low. To
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overcome this effect excess galactose feeds are needed or mixed feeds of glucose and 

galactose may be used (Alberghina et a l, 1991). GAL-mediated expression is usually 

strongly repressed in the presence of glucose but this repression can be eliminated in 

regl mutants (Howland et al., 1989). Many genes are involved in the GAL system, and 

are summarised in Table 4.2.

Gene Function Approximate fold 

galactose induction

Glucose

repression

GALl galactokinase 1000 severe

GAL2 galactose permease 1000 severe

GAL3 inducer function 3 - 4 severe

GAL4 transcriptional activator - modest

GAL5 phosphoglucomutase 3 severe

GAL7 galactotransferase 1000 severe

GALIO UDP-Gal epimerase 1000 severe

G ALll transcriptional activator -

GAL80 inhibits Gal4p 10 none

GAL83 glucose repression -

7MEL1 a-galactosidase 100 severe

Table 4.2: GAL genes and regulators (Johnston and Carlson, 1992).

The pathway is regulated by both galactose induction and glucose repression, as can be 

seen from Table 4.1. This means that even in absence of glucose, galactose is required 

for expression of the genes in the pathway. As can be seen, the greatest induction occurs 

for GALl, GAL7 and GALIO (encoding the enzymes for conversion of galactose to 

glucose-1-phosphate) and GAL2 (encoding the galactose permease). These are all 

induced 1000-fold by galactose presence over a basal level. It is because of this high 

induction ratio that these expression control systems are ideal targets for placement of 

required proteins.
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UAS UAS URS
GAL7 GALIO G ALl

M i g l p

%  GlucoseGAL4

Gal4p

GAL2

Gal2p^
GAL80

GalSOp

Galactose 
’ internal

Galactose
external

GAL3

GaISp

Figure 4.1: Mechanisms of galactose induction and glucose repression on the GAL 

gene system in Saccharomyces cerevisiae.
Solid lines with small arrows indicate transcription o f  genes to form proteins. Solid lines with bar at the 

end indicate repression ("GalSOp represses Gal4p, Gal3p plus internal galactose represses GalSOp, 

glucose represses GALl, GAL2 and GAL3^. Dotted lines with large arrows indicate induction 

mechanisms ("Gal2p induces galactose permease, Gal4p induces GAL3, GAL7, GALIO and GAL80/ 

Adapted from Johnston (1987), Johnston and Carlson (1992) and Gancedo (1998).
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The explanation of GAL gene regulation depicted in Figure 4.1 is adapted from 

Johnston (1987), Johnston and Carlson (1992) and Gancedo (1998).

The central interaction in the mechanism is between the trans-activator protein encoded 

by GAL4 (GAL4 protein, Gal4p), and the repressor protein {GalSOp) encoded by 

GALSO. Binding of Gal4p to a GAL Upstream Activation Sequence (UAS) activates 

transcription. This binding is repressed by GalSOp which, in the absence of galactose, 

binds to Gal4p preventing transcription. When galactose is present, GalSOp is prevented 

from inhibiting transcriptional activation (a product of interaction of GalSp and 

galactose) and GAL4p is able to induce gene expression.

The relative levels of Gal4p and GalSOp have a significant effect on the induction 

mechanism. GalSOp is generally present in great excess of Gal4p and this is facilitated 

by stimulation of GALSO transcription by Gal4p, induction occurs by 5-fold compared 

to basal levels. This is thought to be a feedback mechanism - galactose presence 

inactivates GalSOp meaning GALSO expression is increased which should regulate GAL 

gene expression again. Hence, expression from G/4L-regulated promoters present in 

multiple copies is severely limited by the number of molecules of Gal4p present in the 

cell. A further part of this mechanism is the GAL3 expression which is regulated by 

GAL4p, which provides for rapid expression of GAL gene expression again by 

inactivation of GalSOp (in conjunction with galactose itself). This system also means 

that, with time, there needs to be an increasing concentration of galactose present to 

maintain high levels of GAL gene expression. This will of course affect heterologous 

gene expression meaning a consistent amount of foreign protein will be produced by 

each cell.

Glucose presence represses transcription of GALl, GAL2, GAL3 and GAL4. GAL2 is 

repressed with glucose presence meaning galactose cannot be transported into the cell as 

the Gal2p (galactose permease) levels will be affected. Also GAL3p will not be 

produced to interact with galactose and inhibit GALSOp action upon GAL4p. This means 

that transcription at GAL2, GAL3, GAL7 and GALIO (and GAL80) is not effected.
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Glucose repression of GAL4 is dependent upon interaction with Miglp, Ssn6p and 

Tuplp proteins. However, it has been demonstrated that the key protein responsible for 

this mediated response is M iglp (Johnston and Carlson, 1992; Gancedo, 1998). GAL4 is 

repressed only 4 to 5-fold, but because Gal4p is present in such low amounts anyway 

(as stated earlier) this leads to greater repression of the other GAL genes.

4.2.3 Secretion of Cutinase and Intracellular Retention

The promoter system used has been discussed, but this deals with only the production of 

the protein. The primary task to accomplish once expression is satisfactory is isolating 

the protein from the rest of the cells. Obviously, as only a crude preparation is required 

for inclusion in detergents because the protein is used only as a cleaning aid, then the 

task is vastly simpler than production of a therapeutic product. Also, it is much easier to 

regain the product from the extracellular medium than to break the cells open, which 

will greatly increase the proportion of contaminating species in the mixture. As has been 

stated earlier, Saccharomyces cerevisiae is very amenable to secretion of proteins, and 

this is the route chosen in this case.

As stated in Section 4.2.2, the cutinase gene has been chromosomally integrated in 

Saccharomyces cerevisiae, and to effect secretion of the cutinase out of the cell the 

cutinase sequence is preceded by a fragment encoding the presequence of the 

Saccharomyces cerevisiae invertase from the SUC2 gene. This has the advantage over 

other secretion systems used in that the sequence is relatively short and can be 

synthesised and ligated to the foreign gene before cloning into an expression vector 

(Romanos et al., 1995). Also, compared to the more widely used yeast mating 

pheromone a-factor (gene M fal) there will not be alternative processed forms of the 

product in the medium because the signal peptide is accurately and efficiently 

processed.

Preliminary research has shown that secretion does take place at all times. However, it 

should be noted that experiments have taken place only on incorrectly performed 

fermentations, i.e. that cutinase levels were low. It is possible that cutinase is retained in
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the cells to a high proportion of the total cutinase concentration due to the fact that 

expression levels were so low in these experiments.

4.2.4 Influence of Fermentation Variables on Cutinase Production

In the case of the GAL expression system there are several operational constraints which 

determine its successful use at an industrial scale. These are largely determined by the 

high cost of galactose as a carbon source. This requires that glucose is used for initial 

cell growth followed by induction with galactose-glucose mixtures. It has been 

demonstrated by Alberghina et a/. (1991) that high levels of induction from GAL-CYCl 

promoters could be induced using glucoseigalactose mixtures in fed-batch culture. In 

these experiments, glucose remained the predominant carbon source allowing high cell 

densities to be obtained. Since glucose concentrations were well below levels which 

would result in catabolite repression, the addition of galactose to the culture resulted in 

its rapid depletion (during normal metabolism) but also resulted in more efficient 

induction of GAL regulated genes. Premature induction which occurs before complete 

ethanol depletion (seen from mass spectrometry monitoring of fermentation) will result 

in repression of growth and glucose accumulation leading to GAL repression. Use of too 

high a ratio of glucose to galactose will again lead to rapid repression of GAL induction 

(Sierkstra et a i, 1992), as will too high a growth rate of the cells post induction. Also, S. 

cerevisiae has limited capacity to metabolise glucose oxidatively, so specific growth 

rates above 0.15 - 0.2 h'  ̂ will result in accumulation of ethanol leading to growth 

inhibition and GAL repression.

Hence there is a need to ensure that there is careful control of all these parameters and 

during the fermentation development phase it is necessary to explore the sensitivity of 

these parameters to determine the optimum growth conditions.
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4.3 Experimental Results and Discussion

The results depicted in this chapter were generated in an off-line manner, as is the case in 

the other sections of this report. The idea is to use rapid data availability as a tool for 

process confidence and event detection, and as such the data is available as an off-line 

mimic of an on-line system already in place at UCL.

In the results depicted here four fermentations have been performed, two with 

glucoseigalactose ratio of 2:1 (□ , O) and two with glucoseigalactose ratio of 4:1 fA, V). 

The fermentations are open-loop controlled exponential fed-batch, with a required specific 

growth rate of 0.08 h '\  with off-line correction of the biomass estimate when it deviates 

from actuality. The biomass yield on the glucoseigalactose mixture is assumed to be 0.5 g 

dry weight biomass.g'^ feed.

4.3.1 Growth of Cells and Production of Cutinase

Figure 4.2 represents the range of on-line data available for the recombinant S. 

cerevisiae fermentation system under study. The procedure follows a characteristic one 

for S. cerevisiae when operated in a batch mode with growth on glucose. There is a first 

(rapid) phase of growth on glucose, during which glucose is fermented and glucose 

repression occurs to all susceptible pathways such as GAL, MAL, SUC, GUT, ADH etc., 

with build up of ethanol and acetate during glucose utilisation. Shortly before total 

glucose depletion, a second phase of growth (during which glucose-repressed genes 

become derepressed, adapting the culture for subsequent use of ethanol) is seen. A third 

phase of growth is then experienced, with consumption of ethanol and further acetate 

production (Johnston and Carlson, 1992), as seen from Figure 4.2 at approximately 25 

hours where the drop in OUR and CER indicate a change of carbon source. This is 

mirrored with a reduction in RQ to less than a value of 1.0. This data is of course 

generated by on-line mass spectrometry.

Completion of this growth phase on ethanol is the point for induction of the cells with a 

glucose-galactose feed, and is again detected by the use of on-line mass spectrometry at

Cutinase Chapter, Page 136



Enhanced Definition and Process Confidence During Fermentation via Direct Product Monitoring

around the 36 hour time point. Post-induction, an initial lag phase is seen after which 

growth continues at an exponential rate determined by the feed profile of the carbon 

source. However, it is evident that there is no means of indicating whether induction has 

taken place correctly and direct information on the product would be valuable.

It should be noted that further development of the medium is required to keep the 

fermentation producing biomass beyond 20 g.L '\ It can be seen that after approximately 

20 hours of induction the OUR drops to a constant level. This also happens to CER after 

about 25 hours of induction. This indicates that exponential growth has halted. Carbon 

is still available from the feed, so another nutrient has become growth limiting. The 

likely candidate is nitrogen, and working out the total amount of nitrogen available in 

the medium (both in the basal medium and the small amount present in the feed) then a 

biomass yield for the fermentation of around 20 g.L'^ is to be expected. Reformulation 

of the feed to include more nitrogen, and also vitamins, trace elements etc. would avoid 

this problem and should enable biomass levels of 100 g.L'^ or greater, as seen in other 

collaborators work with the same organism (Duboc and Nielsen, 1998).

This is further evident in Figure 4.3 where the increase in biomass again indicates 

nothing of the success of induction. At induction point, there is around 6 g.L'^ biomass 

in the vessel. From Figure 4.3 it can be seen that a lag phase is encountered for the first 

couple of hours of the fermentation, after which exponential growth occurs. This can be 

seen in Figure 4.4 where the growth of the cultures is plotted on a logarithmic scale.

Figure 4.5 explores the formation of the product after induction. There is an indication 

of an initial lag phase followed by a rapid (almost exponential) increase in cutinase 

level. The specific concentration of the cutinase increases over the limited time course 

of this fermentation, towards a concentration of 15 mg cutinase.g'^ dry cell weight 

(derived on an OD versus dry weight correlation for the fermentation of 3.8). The 

challenge is to predict, while still in the early phase of induction, what value is likely to 

be achieved and also whether any faults that may occur can be identified and corrected.
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Figure 4.2: Range of on-line data available from fermentation.

Upper panel: Commonly available on-line measurements D O T ( ) ,  temperature{'— — — ) and

pH  ( ............... ) are depicted. Temperature reductions can be seen early in the fermentation due to a lack

o f biomass generating heat and a loss o f process steam overnight to the facility, meaning heating was not 

available.

Lower panel: Results from on-line mass spectrometry which is used to determine oxygen uptake rate 

(OUR, — ), carbon dioxide evolution rate (CER,— — — ) and respiratory quotient (RQ ,
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Figure 4.3: Induction phase production of biomass.
Upper panel: Production o f biomass in two fermentations using feeds with a 2:1 glucose:galactose ratio 

(□, O ) .

Lower panel: Production o f biomass in two fermentations using feeds with a 4:1 glucose: galactose ratio 

(A , V).
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Figure 4.4: Log-scale induction phase production of biomass.
Upper panel: Production of biomass in two fermentations using feeds with a 2:1 glucose: galactose ratio 

(□, O). Linear fits discounting the first 1.5 hours o f data yield specific growth rate values o f 0.8 h'K 

Lower panel: Production o f biomass in two fermentations using feeds with a 4:1 glucose: galactose ratio 

(A , V). Linear fits discounting the first 1.5 hours o f data yield specific growth rate values o f 0.078 K ‘ .
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Figure 4.5: Induction phase production of cutinase.
Upper panel: Production o f cutinase in two fermentations using feeds with a 2: Iglucose:galactose ratio 

(□ , O).
Lower panel: Production of cutinase in two fermentations using feeds with a 4:1 glucose: galactose ratio

(A , V).
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4.3.2 Manipulation of Cutinase Specific Concentration for Process Confidence

The nature of the galactose promoter system used is such that there should be no 

cutinase expression prior to induction, because the host cells are regl+. However, low 

concentrations of cutinase are present immediately prior to induction. The existing cells, 

on induction, are thought unlikely to form significantly more cutinase due to their 

continuing in a repressed state, for example due to their residual glycogen content. 

Daughter cells are likely to be less repressed and galactose induction will take place in 

these cells. Studies in continuous culture have indicated that it takes approximately 2 

hours for the cells to get the necessary machinery in place for cutinase manufacture and 

hence there will be a lag phase between cell growth and cutinase production (Duboc and 

Nielsen, 1998). Therefore on induction two possible mechanisms operate which lead to 

a delay in cutinase formation:

1. the daughter cells carry over an internal inhibitor

2. there is a lag required for the daughter cells to assemble the machinery in place and 

once the machinery is in place the actual production of cutinase is very rapid.

However, it is hypothesised that each cell will only produce cutinase to a maximum 

specific concentration i.e. each cell will produce approximately the same amount of 

cutinase. This is thought to be because yeast cells have only a limited number of 

doublings available, due to the formation of bud scars on the surface of the cells. Once 

the cells can no longer bud off, they are precluded from growth. Mechanisms will then 

operate to inhibit reading of the genomic DNA and thus halt production of cutinase. 

Another theory is that because of the greater proportion of GalSOp to Gal4p then at 

some point the cells must halt production because GAL gene expression will be 

inhibited (Section 4.2.2).

In order that rapid data availability has some purpose, the data generated must be 

manipulated in some way that meaningful information can be gleaned simply. 

Fortunately, the assumptions made in the previous paragraphs can allow data
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manipulation which can aid the correlation of the data. The specific concentration 

related only to the cells formed after induction is given by:

^Pt ~
_ P t - P o

X f  -  % o (41)

where P = cutinase concentration (mg.L’̂ ), x = cell concentration (g.L’̂ ), subscript t 

represents post induction time (h) and subscript 0 indicates the induction timepoint. 

(The actual specific concentration would be ?t / JCt). If a lag between cell formation and 

cutinase production is assumed to apply post induction while the daughter cells 

assemble machinery to make the cutinase then the predicted final specific concentration 

for each cell formed after induction will be:

S P t *  =
(4-2)

while if it is only the cells formed in the two hours after induction which are non

expressors of cutinase then this final specific concentration will be given by:

P -  P Pf~ Pfn  t  0  lagSp,** = —

X f  —  X f  — X .  (4,3)
' ‘ lag ‘ ‘ lag

These predicted final specific concentrations should be constant after induction if the 

assumptions about cutinase production are correct, and should be representative of the 

final actual specific concentrations seen when the post induction biomass considerably 

outweighs the biomass formed prior to induction.
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Figure 4.6 explores different measures of ‘actual’ and ‘predicted’ specific concentration 

versus time after induction. The data is three-point averaged to overcome some of the 

inherent noise and Po and xq are derived by average data before and after induction. 

Figure 4.6A is the actual specific concentration, (as if Figure 4.5 data was divided by 

Figure 4.3 data) with a steady increase in level after an initial lag phase. Figure 4.6B 

allows for the cutinase and cell concentration at point of induction (equation 4.1) i.e. it 

explores the cutinase concentration of the new cells - evidently this again increases with 

time. Figure 4.6C allows for a lag phase where it is just the cells formed 2h post 

induction which do not express cutinase (equation 4.3) while Figure 4.6D assumes a 

continuous lag phase between growth and cutinase formation (equation 4.2). It is 

evident that in Figures 4.6C and 4.6D within a few hours of induction the predicted 

specific concentration values reach an approximately constant level. It appears that it is 

the example in Figure 4.6D which gives the more likely approach to a constant value. It 

can be seen that after 3 - 4  hours of data generation, the predicted specific concentration 

is of such a value to be able to indicate that induction has taken place in a correct 

manner. This is not immediately evident if looking at panels A or B from Figure 4.6. It 

is also not directly ascertainable by looking at total cutinase generated (Figure 4.5).
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Figure 4.6: Depiction of data manipulation options when determining cutinase 

specific concentration. Only two fermentations with glucoseigalactose ratios of 2:1 

(O) and 4:1 (V) are shown for reasons of clarity.

(Continued overleaf)
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Panel A : Total cutinase and total biomass concentration used to determine specific cutinase 

concentration. This depicts a lag o f  approximately 2 hours before a rise in specific concentration.

Panel B: Post induction cutinase and post induction biomass used to determine the specific 

concentration. An initial steep rise is observed with specific concentration still apparently increasing 

after 10 hours o f  induction.

Panel C: Post induction cutinase level and biomass minus post induction biomass plus lag time. 

Predicted specific concentration o f  cutinase levels allows fo r  an initial lag time after induction with all 

cells subsequently producing cutinase in a growth associated fashion (equation 4.3). In theory, i f  the lag 

in production occurs only in the present cells, then all cells produced after the lag period will produce 

cutinase to their maximum potential.

Panel D : Post induction cutinase and post induction biomass minus lag time (equation 4.2). An initial 

steep increase is observed, with all data levelling out at approximately 25 mg.g'^ dry cell mass after 5 

hours o f  induction.
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4.3.3 Predictive Analysis of Cutinase Production - Manipulation of Rapid Data

The manipulative systems applied in Figure 4.6 imply that after induction new cell 

growth is responsible for cutinase production; the production is not growth associated 

(lag time of about 2h); the individual cells produce cutinase to a maximum specific 

concentration (25 - 30 mg cutinase.g'^ dry cell weight); the population present prior to 

initiation of the glucoseigalactose feed were not susceptible to galactose-induced 

cutinase expression. The final observation suggests that an alternative source of 

repression is occurring in the pre-induction population that does not occur in the post 

induction population. One possible source of this repression is from an internal 

inhibitor. After initiation of the feed, this internal inhibitor may segregate with the 

mother cell, leaving only the post-induction daughter cells capable of cutinase 

expression. Alternatively, this internal inhibitor may freely segregate to both mother and 

daughter cell whereby its repressive effects would be diluted out as the two populations 

continue to grow. These two possibilities would have different effects on the rate of 

cutinase formation. Where the inhibitor is segregated equally between mother and 

daughter cells, a significant lag would be observed in induction of cutinase. The biased 

segregation of an internal inhibitor toward the mother cell would result in rapid cutinase 

induction in the post-induction population similar to rates of induction observed with 

other G^Z-based expression systems and this appears to be the case in this system. 

Also, any internal inhibition is likely to be compounded by GalSOp inhibition of Gal4p 

action, meaning GAL induction would be extremely unlikely.

Figure 4.7 continues analysis of the cutinase production given in Figure 4.6D showing 

data generated throughout the total feeding phase of the fermentation and for duplicates 

of the two fermentations studied. After 20 hours of induction the predicted specific 

concentration still remains at the same level, i.e. each cell producing cutinase to a 

maximum level of approximately 25 m g.g'\ These exploratory fermentations were not 

taken further due to the need to reformulate the medium to avoid nitrogen depletion. 

Another group has demonstrated continued cutinase production achieving final specific 

concentration levels similar to those predicted here and with final total levels of around
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100 g.L’̂  biomass and up to 2.5 g L'* cutinase after a seven day fed-batch fermentation 

(Duboc and Nielsen, 1998).
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Figure 4.7: Predicted final specific concentration of cutinase for cells formed post 

induction.
Predicted final specific concentration (equation 4.2) for cells formed post induction for four fermentation 

datasets, two fed  with 2:1 glucose:galactose feed ( 0 , 0 )  and two with 4:1 glucose:galactose feed (A , 

V). The lines shown are extended from Figure 4.6D to cover the full data range.
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4.3.4 Locus Plot of Specific Cutinase Concentration as a Progress Indicator

Having established that cutinase should be formed to a maximum specific concentration 

and that these maximum specific concentrations are available from rapid data 

availability within 3 to 5 hours of induction, it is possible to construct a locus plot of 

specific growth rate versus specific cutinase activity. The direction that data moves on 

the plot would be indicative of problems or events occurring during the fermentation 

process and therefore the plot could be used by operators as a fault/event detection 

system. Figure 4.8 depicts how the plot would look.

It can be seen that once in the correct area of the graph, any deviations from the window 

of operation (‘normal production’) may be attributed to a particular fault i.e. 

overfeeding, underfeeding, glucose:galactose ratio incorrect etc. This can therefore be a 

powerful tool for fault detection. Obviously more work is required to validate this 

diagram, but for the behaviour of the system assumed in the experiments presented in 

this work, the diagram demonstrates the system adequately.
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Figure 4.8: Locus plot showing various directions specific concentration will take 

under process conditions.
Area 1: Overfeeding, i.e. specific growth rate too high. This will influence production adversely,

Area 2: Glucose.galactose ratio too high but specific growth rate OK. This will lead to a reduction in 

specific concentration due to repression o f the GAL promoter system OR early induction will lead to 

lower specific concentrations due to presence o f (for example) ethanol or internal inhibitors which 

adversely affect the GAL promoter system.

Area 3: Specific growth rate suboptimal (i.e. slow growth) or oxygen limitation will lead to slow growth 

and therefore slow production.

Area 4: Nutrient limitation, for example nitrogen or phosphate, will lead to slower growth and also lesser 

production and an adverse effect on specific concentration.

Cutinase Chapter, Page 151



Enhanced Definition and Process Confidence During Fermentation via Direct Product Monitoring

4.4 Modelling of Growth and Production from Initial Measurements

It is possible to model the extent of biomass formation and cutinase production in this 

system using assumptions from equation 4.2, namely that there is a two hour lag in 

production of cutinase from biomass. It is also assumed that cells will produce cutinase 

to a maximum specific concentration due to GalSOp repression after a certain time 

where GalSOp has a greater presence than Gal4p . This necessitates modelling biomass 

and protein formation:

In terms of biomass, the general growth term can be used, assuming no death in the 

population:

dx

Integrating this equation from the start of induction:

—dx = ̂ p.dt

which becomes:

1 ^In—  = p .t
X.0

So biomass production at time t is therefore:

~  -^0  '  (4.4)
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where x  is biomass concentration (g.L'^), \x is specific growth rate (h'^), t is time (h) and 

subscript 0 is the induction point.

Protein product formation is assumed to be a function of biomass formation, and 

therefore directly linked to growth:

dt
=  S p ^ ^ ^ . j u . x

Expanding x  (from equation 4.4):

dt
=  S p ^ ^ . j u . X qC

Jd.t

Integrating this:

^dP =Sp̂  *. //. Xq H . dt

This then becomes:

p  p
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Dividing the right hand side through by specific growth rate

And so:

- 1

Taking Po to the other side of the equation and introducing a lag time for production 

gives:

(4.5)

Spt* is specific concentration of cutinase (assumed as 25 mg cutinase. g'̂  cells) and P is 

cutinase concentration (mg.L*^).

Equations (4.4) and (4.5) allow prediction of the biomass and cutinase production from 

time zero (induction point) measured values, and can be seen in Figure 4.9. This is 

further continued in Figure 4.10 where biomass and cutinase actual and predicted values 

are used to construct a graph showing specific activities both from the model and 

experimental data. Time zero (induction point) values of biomass and cutinase are used 

to construct the predicted lines which are then used to check experimental data as it 

becomes available.
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Figure 4.9: Biomass and cutinase production in four fed-batch fermentations.

Panel A: Biomass concentration in 2 fermentations with feeds o f 2:1 glucose:galactose ratio (□ , O). 

Model prediction o f biomass levels (from equation 4.4) also shown for the fermentations (  ,

/  The model uses initial experimental measurements at induction point to predict the growth 

throughout the fermentation. (Cominued overleaf
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Panel B: Biomass concentration in 2 fermentations with feeds o f  4:1 glucose:galactose ratio (A , V ). 

Model prediction o f  biomass levels (from equation 4.4) also shown fo r  the fermentations

Panel C: Post induction cutinase production in two fermentations with feeds o f  2:1 glucose:galactose 

ratio (□ , O). Model prediction o f  cutinase production also shown (from equation 4.5), (  '

, — -  ). The model uses experimental measurements at the induction point to generate the data.

Panel D : Post induction cutinase production in two fermentations with feeds o f  4:1 glucose:galactose 

ratio (A , V ). Model prediction o f  cutinase production also shown (from equation 4.5), (  — — ■
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Figure 4.10: Specific cutinase production (equation 4.1) with predicted model fit 

(equation 4.5 / equation 4.4) for four fermentations.

Upper panel: Duplicate 2:1 glucose: galactose fermentations (□, O).
Lower panel: Duplicate 4:1 glucose: galactose fermentations (A , V).
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4.5 Identification of a ‘Faulty’ Fermentation

Fermentation results previously shown have been from reproducibly run methods, with 

good correlation between experimental data and expected results. However, it is 

occasionally seen, that poor communication between co-workers can lead to errors 

affecting production. This can be seen in the faulty fermentation introduced in Figure 

4.11, where a multitude of faults have been introduced in the process in an effort to 

undermine production. Biomass production occurs as normal, as seen from the upper 

panel in Figure 4.11, but the lower panel showing cutinase production highlights 

problems with the fault fermentation. This is further seen in Figure 4.12.

Figure 4.11 upper panel depicts duplicate 4:1 glucose:galactose ratio fermentations (A , 

V). Also included is a ‘fault’ fermentation (O ) where early induction immediately 

following glucose exhaustion in batch phase was compounded with a low galactose feed 

(9:1 glucose:galactose) and a much higher specific growth rate than normal (0.16 h'  ̂ as 

opposed to 0.08 h'^). Also shown are the modelled biomass values for these 

fermentations where it can be seen that the modelled values for the fermentations fit the 

experimental data.

The lower panel of Figure 4.11 depicts the same fermentations’ production of cutinase. 

It can be seen that cutinase concentration in fermentation O  increase, but at a slower 

rate than that expected by the model.

Figure 4.12 takes data from the same fermentations with duplicate 4:1 glucose:galactose 

fermentations (A , V ) and there is also a ‘fault’ fermentation (O ) where it can be seen 

that specific cutinase concentration is nowhere near the predicted values. Also seen is 

the modelled specific cutinase concentration for this fermentation, where it can be seen 

that the modelled values soon outstrip the experimental values, even though the 

experimentally derived specific cutinase concentration is increasing.
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Figure 4.11: Biomass and cutinase production in three fermentations.
Upper panel: Duplicate 4:1 glucose:galactose fermentations (A , V ). Also included is a fau lt’ 

fermentation (O ) where early induction immediately following glucose exhaustion in batch phase was 

compounded with a low galactose feed (9:1 glucose:galactose) and a much higher specific growth rate 

than normal (0.16 h~’ as opposed to 0.08 K ’). Also shown are the modelled biomass values for these 

fermentations, ( ' , —. — — ,.  —  -  —  ) where it can be seen that the modelled

values for the fermentations f it the experimental data.

Lower panel: The same fermentations’ production o f cutinase.
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Figure 4.12: Specific cutinase production (equation 4.1) with model fit (equations 

4.4 and 4.5) for three fermentations.
Duplicate 4:1 glucose:galactose fermentations (A , V ). Also included is a fau lt’ fermentation (O ) 

where it can be seen that specific cutinase concentration is nowhere near the predicted values. The fault 

was an extreme case where early induction immediately following glucose exhaustion in batch phase was 

compounded with a low galactose feed (9:1 glucose.galactose) and a higher specific growth rate than 

normal (0.16 h'’ as opposed to 0.08 h'’). Also seen is the modelled specific cutinase concentration for this 

fermentation, ( ■ ) where it can be seen that the modelled values soon outstrip the

experimental values, even though the experimental specific concentration is increasing.
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4.6 HPLC Analysis for Process Confirmation

Stored samples of supernatant were stored during the fermentations in order that double 

checking of carbon source feeding could be performed. The main concerns are that 

overfeeding of glucose and galactose would lead to higher growth rates than expected, 

accumulation of galactose as glucose is preferentially metabolised, and repression of 

galactose induction as the cells may see too high concentrations of glucose. Overfeeding 

would also result in accumulation of metabolic intermediates (fermentation) - mainly 

ethanol - due to the Crabtree effect. This has been shown to be due a bottleneck in the 

oxidation of pyruvate. Also glycerol production will be seen as this occurs to regenerate 

NAD+ even during oxidative growth. Figures 4.13 and 4.14 depict HPLC monitoring of 

substrates and key metabolites during four fermentations.
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Figure 4.13: Substrate and metabolite monitoring during fermentation.

Fermentations fed with 2:1 glucosergalactose ratio (□ , O).

Fermentations fed with 4:1 glucose:gaIactose ratio (A , V).

Panel A: Glucose concentration in each fermentation.

Panel B: Galactose concentration in each fermentation.

Panel C: Glycerol concentration in each fermentation.

Panel D: Ethanol concentration in each fermentation.
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Figure 4.14: Substrate and metabolite monitoring during induction of

fermentation.

Fermentations fed with 2 : 1  glucosergalactose ratio (□ , O) and 4:1 glucosergalactose ratio (A , V).

Panel A: Glucose concentration in each fermentation.

Panel B: Galactose concentration in each fermentation.

Panel C: Glycerol concentration in each fermentation.

Panel D: Ethanol concentration in each fermentation.

Cutinase Chapter, Page 163



Enhanced Definition and Process Confidence During Fermentation via Direct Product Monitoring

It can be seen from Figure 4.13 that glucose present at the start of the fermentations is 

depleted and ethanol formed. This is in turn metabolised, and is the point for 

commencement of induction. As stated earlier, the induction point is determined by 

mass spectrometry results, but this monitoring is a nice way of double checking. An 

interesting point is that there is a constant basal level of glycerol present all the way 

through the fermentations.

Moving on to Figure 4.14, it can be seen that immediately induction is commenced 

there is an accumulation of galactose, but not of glucose. This is indicative of the cells 

utilising glucose for growth and energy requirements while galactose is used only for 

induction purposes. It is interesting to note that there seems to be no correlation between 

glucose:galactose ratio in the feed and galactose accumulation - one of the fermentations 

with lower galactose concentration (A , 4:1 ratio) has a higher galactose accumulation. 

This could be indicative of slight glucose repression, but of course is not borne out by 

the cutinase production seen earlier in the same fermentation.

Finally, towards the end of the fermentations (20 hours onwards) it can be seen that 

galactose accumulation is joined by glucose accumulation and formation of ethanol, an 

indication of overfeeding. This has been mentioned earlier and is a symptom of 

exhaustion of another media component, probably nitrogen. The cells have stopped 

growing and cutinase production is halted even though feed is still applied. This is seen 

in the mass spectrometry trace in Figure 4.2, where after approximately 20 hours of 

feeding the OUR and CER traces drop off to constant values.
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4.7 Discussion

It would appear that cutinase production in the system under investigation has been well 

characterised. The different methods of data manipulation have also given an insight 

into what may be occurring within the cells. These occurrences are linked with the 

assumptions made concerning:

1. pre-induction population production of cutinase;

2. lag time in cutinase production in induced cells;

3. cutinase production is directly proportional to cell production;

An attempt has been made below to explain the impact of the results seen on these 

assumptions, linking in knowledge of the expression system and further monitoring of 

substrates and metabolites performed using HPLC.

Initially it was thought that the pre-induction population of cells would not become 

induced by galactose because they may not have much growth potential left (due to bud 

scarring). Also, it was thought that an internal inhibitor, for example glycogen, would 

inhibit galactose induction. The assumption that no cutinase production would occur 

pre-induction was therefore taken literally. However, there is a small amount of cutinase 

produced pre-induction, and this is thought to be because after glucose exhaustion, the 

cells will be derepressed. It would still take galactose to initiate induction of the GAL 

system. This is one of the reasons the GAL promoters are widely used. However, it 

appears that slight ‘leakage’ across the promoter system occurs when the cells are in the 

derepressed state.

The pre-induction population may therefore become induced upon galactose feeding to 

the vessel. This is unlikely, however, and is confirmed by the results seen from the 

fermentations performed, and especially in the modelling performed in Section 4.4. 

Simply, fermentation results are closely matched by predicted results based upon cell
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growth, the incorporation of a lag time for production and the assumption that cutinase 

production will occur to a certain specific concentration i.e. each cell will only produce 

a certain amount of cutinase. So it would appear that all assumptions are valid.

The issue of the internal inhibitor still remains unaddressed. If the pre-induction 

population contains an internal inhibitor, it is entirely possible that this inhibitor will 

segregate between the mother and daughter cells upon budding. However, results 

analysed in Section 4.3.2 confirm that this is not the case, because the best method of 

‘forcing’ the data to a constant specific cutinase concentration is to assume a two hour 

lag in production from all daughter cells. This has been confirmed by other 

investigations which have indicated that it takes approximately two hours before cells 

get the necessary mechanisms into place to take advantage of galactose induction 

(Duboc and Nielsen, 1998). It can therefore be confirmed that any internal inhibitor 

present has no effect upon galactose induction of the post-induction population.

There is one other issue to be addressed, that of the difference in production between 

growing and stationary cells. Initially it was thought that once cells stopped growing 

they would not be susceptible to galactose induction, due to genomic DNA not needing 

to be copied for daughter cells (another reason to assume the pre-induction population 

would produce no cutinase). However, this could be a mistaken assumption. Because 

the GAL system is inducible, even non-growing cells should be able to be induced. 

What is thought to be happening is that in older cells, GalSOp levels naturally outstrip 

Gal4p levels so that even when galactose becomes present in the cells, not all the 

GalSOp will be affected (by the galactose-Ga/3p combination). This in turn means that 

GAL induction becomes increasingly unlikely as Gal4p is not available to induce 

transcription events at the other genes. This is the mechanism that also accounts for the 

stable specific levels of cutinase produced in the system. As galactose induction occurs, 

more and more GalSOp is produced while Gal4p levels remain fairly constant, so at 

some point galactose induction will halt in the cells, when the GalSOp concentration 

reaches a critical level.
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The evidence lies in looking at the fermentations towards the endpoints, when biomass 

and cutinase levels become constant even though carbon source feeds are still applied to 

the systems. This is seen in the HPLC results, where glucose and galactose 

accumulation is seen at the end of the fermentations. However, because glucose 

accumulation is seen, repression of the GAL system has probably occurred anyway 

halting production.

Further work would obviously need to be performed on the system - experiments were 

performed only at one specific growth rate, 0.08 h '\  which was deemed to be the 

optimum for cutinase production (Duboc, personal communication). Further 

investigations would evaluate the effect of other specific growth rates, and perhaps 

effects of different specific growth rates in the same fermentation, as a fault detection 

exercise. For example, monitoring would be performed at a higher (or lower) than 

optimum specific growth rate. If deviations fi*om expected production are seen, it should 

be possible using the locus plot. Figure 4.8, to identify the problem. Corrective action 

could then be taken, in the form of reduction of specific growth rate to try and 

compensate for the problem.

The modelling in section 4.4 is the basis for real-time comparison with experimentally 

measured data. As real datapoints are used for construction of the predicted data, close 

fits to experimentally derived points are available. This allows the operator a ready 

indication of whether or not induction has taken place correctly. To illustrate this a 

fermentation was included where a series of faults led to a considerable deviation 

between experimental and predicted values; this deviation being visible to an operator 

within a few hours of induction. Real-time product monitoring therefore provided the 

basis for process mapping and fault detection, and a basis can now be formed where it 

should be possible to derive a strategy for corrective action based upon identification of 

the cause of a fault in the induction process. This may take the form of manipulating the 

carbon feed to ensure induction is recovered, or in extreme cases may result in early 

termination of the fermentation in order that the plant may be turned around quickly to 

facilitate another production run.
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4.8 Conclusions

Assumptions made for this system, namely that pre-induction cells will not be induced 

and post-induction cells produce all the cutinase appear to be valid. Also, incorporation 

of a lag time in production of the induced cells facilitates modelling which closely 

predicts data generation seen in the experiments performed.

Predictive manipulations of the data generated and modelling performed on the system, 

along with at-line monitoring of recombinant protein formation, may be used to give 

early indication of fermentation progress, provided that data is available in time 

intervals shorter than that of which changes in the system occur. This monitoring can be 

combined with a simple physiological understanding of product formation after 

induction to allow forward prediction of the profile for recombinant protein formation 

and of final maximum specific product concentration levels. Such a facility allows 

improved process confidence and the basis for rapid fault detection, for example in the 

case of an incorrect induction procedure.
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5 Addressing a Whole Bioprocess in Real-time using an Optical 

Biosensor - Formation and Purification of Antibody Fragments in 

Recombinant E, coli

5.1 Summary

This section describes monitoring research detailing the use of biosensor technology in 

an attempt to address in real-time the production and subsequent purification of the 

recombinant protein product D1.3 Fv antibody fragments produced during fermentation 

of&  CO//BMH 71-18.

The chapter is presented as two main areas of work. Initially, a brief introduction to 

antibody fragments is presented, followed by an overview of work previously performed 

on this system at UCL by Harrison (1996) and Gill (1996). Development of the fed- 

batch fermentation protocol is then detailed, with presentation of the results of 

monitoring the developmental fermentations.

This then leads onto research on direct product monitoring through a full production 

process, from seed fermenter to pilot-scale fed-batch fermentation through primary 

downstream processing and on to final product polishing by affinity chromatography. 

The product was purified in two streams - the product released into the extracellular 

medium from the cells during fermentation, and also the product remaining within the 

cellular environment. The cells were removed by centrifugation in a tubular howl Carr 

powerfuge and stored at -70°C. Clarification of the extracellular liquor was performed 

by depth filtration, followed by affinity chromatography for purification. A second 

process stream consisting of the harvested cells was subsequently resuspended and 

homogenised. Removal of debris in the Carr powerfuge was followed by depth filtration 

and affinity chromatography. This work was performed in conjunction with Daniel 

Bracewell, a student at UCL interested in the application of the optical biosensor for 

monitoring of downstream processing applications. As such, some of the results shown 

here are also presented and discussed in his Ph.D. thesis.
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5.2 Introduction

5.2.1 Antibody Fragments, Their Uses and Production

The variable region (Fv) of an antibody comprises the antibody Vh and V l domains and 

is the smallest antibody fragment containing a complete antigen binding site 

(Kipriyanov et a l, 1997). The variability is realised by 6 hypervariable loops or 

complementary determining regions (CDR), three on each chain (Harrison, 1996). Fv 

antibody fragments are the smallest available containing the complete antigen binding 

site and can be produced from Fab fragments by cleavage by pepsin. Fab fragments 

(which contain the complete light chain and the Fd region of the heavy chain themselves 

can be produced from whole antibody molecules by cleavage with papain (Porter, 

1959). The Fv fragment can itself be treated further by linkage of the Vh and Vl 

domains by a short polypeptide linker. This is called a single chain antibody fragment 

(scFv), and ensures expression of both domains in equal amounts. The chain can also 

increase the stability of the fragment.

There is an increasing commercial demand for antigen binding antibody fragments for 

use in medical, industrial and diagnostic applications. Antibodies have the ability to 

bind selectively and specifically to their target antigens, a property which may be 

exploited for many applications, especially in the medical area. The small size of Fv and 

scFv fragments gives them an advantage over larger monoclonal antibodies which are 

slow to reach the tissues to which they are targeted and consequently have slow 

clearance times from blood and tissues (Harrison, 1996).

Fv and scFv can also have application in protein purification as the smaller size means 

that they can be attached in greater capacity on porous supports, increasing column 

capacity for the target antigen and increasing the lifetime of the immunoaffinity column 

(Berry and Pierce, 1993).

The development of hybridoma technology in 1975, by Kohler and Milstein paved the 

way for in vitro expression of monoclonal antibodies. The advent of bacterial
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expression then led to alternative methods of antibody production, which can be more 

rapid and more productive than mammalian cell expression. This depends upon the 

degree of post-translational modification (glycosylation, refolding etc.) required. To 

date, expression of Fab, Fv, scFv, single domains and various engineered antibody- 

based molecules have been demonstrated in E. coli (Harrison, 1996).

Because of the applications in which antibody fi*agments are utilised, production 

processes must be efficient and low cost. This entails the use of high yielding methods 

of production such as high copy number plasmid systems. Also, the degree of 

downstream processing is a factor. If the product is for use in a diagnostic system, crude 

extracts may be acceptable. If, however, the antibody fragment is to be used as a 

therapeutic, then purity (and cost) become an issue.

5.2.2 Previous Research into Production of D1.3 Fv at UCL

The monoclonal antibody D1.3 directed against hen egg-white lysozyme (HEL) is 

specific for HEL. It has been extensively studied and the three-dimensional structure of 

the molecule has been determined by X-ray crystallography (Amit et a l, 1986, Bhat et 

al., 1990). Kinetic analysis of the binding of the complete D1.3 antibody and fragments 

derived from it has also been extensively studied by researchers utilising sedimentation 

analysis (Mclnemey et a l, 1993) and fluorescence quenching (Ward et al., 1989).

This extensive knowledge means D1.3 has been selected as a model system for many 

investigations. Batch fermentation of E. coli producing the antibody fragment has 

resulted in titres of 40 mg.L'^ (Berry et al., 1994).

Harrison (1996) reported that when performing fermentations at high glycerol level (60 

g.L'^), oxygen starvation was observed. This was accompanied by loss of plasmid 

stability in the run with most oxygen starvation. Because of the oxygen transfer 

problems associated with this fermentation, and also the long fermentation time (in 

excess of 60 hours), the glycerol level in the medium was reduced.
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In three fermentations performed with the glycerol level at 20 g .L '\ very little oxygen 

starvation was experienced and D1.3 Fv was produced.

Gill, (1996), also used the batch fermentation of E. coli BMH 71-18 producing antibody 

fragments to demonstrate the usefulness of an optical biosensor for process monitoring. 

Direct product measurements were available within minutes of taking a sample from the 

fermenter, opening up the possibility of real-time process decisions based upon 

variables directly related to bioprocess performance, i.e. product concentration, rather 

than variables indirectly related (e.g. cell concentration or gas analysis).

The biosensor assay was compared with the traditional ELISA used for antibody assays. 

While being a much more rapid assay (results available 5 minutes after taking a sample 

as opposed to hours for ELISA), the ELISA assay was more sensitive due to the several 

incubation steps employed. Both assays seemed capable of providing the quantitative 

data required for fermentation monitoring, but the larger dilutions required for higher 

titre samples meant that ELISA monitoring was more sensitive to sample handling 

errors encountered during dilution etc. ELISA, however, is suitable for multiple 

measurements as hundreds of samples can be processed on the microtitre plates 

employed for ELISA measurements.

While monitoring batch fermentations. Gill used several vessels of different sizes, and 

hence mass transfer capabilities. It is interesting to note, however, that results between 7 

L and 14 L vessels were very comparable. These produced biomass to a level of around 

10 g.L '\ within a time of 10 hours, similar to values gained by Harrison. However, titres 

of D1.3 Fv were very different.

Table 5.1 below summarises the main results reported by Harrison and Gill in their 

studies at UCL. This very variability in production of the antibody fragment provides 

the challenge for rapid product monitoring and how it may be used to facilitate process 

development.
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Fermenter ID Biomass

produced

(g.L ')

Analysis

techniqu

e

Max. total 

D1.3 Fv 

Produced 

(mg.L^)

Extracellular 

D1.3 Fv 

(% of max. 

total D1.3 Fv)

Final total 

D1.3 Fv 

(mg.L^)

Extracellular 

D1.3 Fv 

(% of final 

total D1.3 Fv)

Chemap 14 L 1 0 ELISA 1 2 67 6 33

Chemap 14 L 15 ELISA 50 45 30 50

L H 7 L 15 ELISA 27 37 2 2 45

Chemap 14 L 1 0 Biosensor 9 33 2 1 0 0

L H 7 L 1 0 Biosensor 5 ND 4 0

Chemap 42 L 5 Biosensor 3 33 3 0

L H 2 0 L 5 Biosensor 6 17 6 17

Table 5.1: Batch fermentation of E. coli BMH 71-18 producing D1.3 Fv.
ELISA results indicate fermentations performed by Harrison, biosensor results indicate fermentations 

performed by Gill. ND indicates no detectable level o f  product. Extracellular Fv was detected by taking 

broth samples and spinning in a laboratory centrifuge to remove cells. Total Fv when analysed by ELISA 

is taken as periplasmic fraction plus extracellular fraction. Total Fv when detected by biosensor is 

detected in samples which are homogenised and spun in a laboratory centrifuge.

It is clear that optimisation of the fermentation is required to maximise titres of Fv. 

Harrison appeared to have the higher producing fermentation, but this cannot be 

assumed to be correct because of the high error associated with the results from ELISA.

Optimisation is also required to try and direct the protein to a required location - 

extracellular routes for purification have previously been more desirable as this 

eliminates many of the contaminating proteins from the cells by inclusion of a 

preliminary centrifugation step immediately following fermentation. However, it can be 

seen that when product level is maximum, the majority of the product is still within the 

cells. This has previously led to leaving the fermentation for longer to try and increase 

the extracellular titres, but as can be seen from the results above, extracellular titres may 

actually fall if this approach is taken.

This means that when investigating higher titre production, it is possible that more of 

the protein may remain inside the cell, necessitating a cell disruption or lysis step to
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release the product. It may even be necessary to split the purification so secreted protein 

is purified down one route, and the remainder of the product in the cells purified down 

another route.

5.3 Development of Fed-batch Protocol

The rationale for this research was to investigate the effects on D 1.3 Fv production if a 

fed-batch fermentation was developed based on the batch protocols already used. This 

was done by removing the carbon source from the complex medium. Carbon source was 

fed into the vessel once mass spectrometry traces indicated that growth of the cells on 

yeast extract had halted. It quickly became apparent that the cells grow on the yeast 

extract for approximately 5 hours before application of feed is required. The feed stage 

was open-loop controlled exponential fed-batch, with a required specific growth rate of 

0.12 h'  ̂ and off-line correction of the biomass estimate when it deviated from measured 

values of biomass. The biomass yield on glycerol is assumed to be 0.5 g dry weight 

biomass, g'̂  carbon fed.

The results depicted in this chapter were generated in an off-line manner, as is the case in 

the previous sections of this report. The idea is to use rapid data availability as a tool for 

process confidence, event detection and decision making, and as such the data is available 

as an off-line mimic of an on-line system previously used at UCL by Richardson et al. 

(1996), Turner et al. (1994 a), Holwill et al. (1996), Habib et al. (1997), and Habib 

(1999).

5.3.1 Growth of E. coli BMH 71-18 and Production of D1.3 Fv During Batch 

Fermentation

Figure 5.1 depicts the growth trends of the organism when subjected to the batch 

fermentation protocol as used by Harrison (1996) and Gill (1996). It should be noted 

that the vessel used in this work was not used by Harrison, and little used by Gill, so
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deviations from their results are expected due to the different vessel configurations and 

mass transfer capabilities experienced.

It can be seen from Figure 5.1 that the batch fermentation behaves as expected, with a 

lag phase, followed by exponential growth. This then slows and eventually stops at a 

maximum biomass level of around 10 g.L '\ It can also be seen that the fermentations 

are reproducible. There is one outlier - batch 4, which has a lag time approximately 2 

hours longer than the other fermentations. Batch 5 appears to have slowed and stopped 

growth at a biomass level of 5 g.L '\ This cannot be ascertained, however, as this batch 

was used purely as a seed producing fermentation to inoculate the 45 OL fermentation 

used for scale-up studies of downstream processing, i.e. batch 5 was halted at 9 hours 

when a viable seed had been produced to inoculate the production stage fermenter.

Figure 5.2 shows the production of total (periplasmic plus extracellular) and 

extracellular D1.3 Fv in batch fermentation. Product analysis was not available for all of 

the fermentations, hence only one fermentation was comprehensively monitored. 

However, analytical data obtained from other fermentations indicates that production is 

similar in the batch fermentations.

A comparison of batch production in this study and in the studies previously performed 

by Gill and Harrison is presented in Table 5.2 (some data repeated from Table 5.1).
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Figure 5.1: Production of biomass in 20L batch fermentation (working volume 

15L) ofE.  coli BMH 71-18 producing D1.3 Fv antibody fragments.

Batch, 1 □ ; Batch 2, O; Batch 3, A ; Batch 4, V ; Batch 5, O . All results depicted were generated in this 

work. No results from Gill or Harrison are included.
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Figure 5.2: Production of D1.3 Fv antibody fragments in batch fermentation.

Upper Panel: Total D1.3 Fv measured in samples homogenised at 1100 bar for one pass in the Constant 

Systems Homogeniser and then clarified by spinning at 13 000 rpm in a benchtop centrifuge for 5 minutes. 

Lower Panel: Extracellular D1.3 Fv measured in samples spun at 13 000 rpm in a benchtop centrifuge for 5 

minutes.

Product analysis only available in Batch 2, O; Batch 3, A ; Batch 5, O . All points are average of three 

measurements o f HEL initial î'ate - average of three measurements o f TEL initial rate, with a range o f ±  

20%. The major deviations in the data come from the TEL results which are quite noisy due to the low signal 

availability compared to the HEL results.
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Fermentation 

(Researcher, 

volume (L))

Max total D1.3 

Fv

(mg.L^)

Time achieved 

(h)

Max. 

extracellular 

D1.3 Fv 

(m g.L ‘)

Time achieved

(h)

Harrison, 14 1 2 16 8 16

Harrison, 14 50 17.5 22.5 17.5

Harrison, 7 27 15 1 0 15

Gill, 14 9 1 2 3 1 2

Gill, 7 5 1 2 0 Not applicable

Gill, 42 3 15 1 7

Gill, 20 6 2 0 1 2 0

Brown, 20 6 1 2 5 1 0

Table 5.2: Final product levels in batch fermentation.

The titres gained by Harrison are higher than those experienced by Gill, but 

reproducibility of the fermentation is poor. Extracellular levels are around the 4 0 -5 0  % 

region. It should be stated that the difference in absolute titre between ELISA and 

biosensor results has been documented before (Gill, 1996). In two fermentations 

comparing monitoring of periplasmic D1.3 Fv production by both ELISA and biosensor. 

Gill found that titre was between 4 and 6 times as much when monitored by ELISA 

compared to the biosensor. If we then apply this figure to the titres quoted from 

Harrison in Table 5.2 it is obvious that Harrison’s titres approach the levels found by 

Gill when using the biosensor.

No explanation is given for the difference in titres gained. What can be said though, is 

that the profiles gained from both biosensor and ELISA results have a close 

resemblance. This gives confidence in the results even though the actual titres may be 

different depending upon the analysis method. It was these results that enabled the rapid 

data availability from the biosensor to be used as a basis for making process decisions 

(Gill, 1996; Holwill et a l, 1996).
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As can be seen, expression levels are similar in results gained in this research and the 

research performed by Gill. Minor differences are seen - Gill saw only a very low 

secretion from the cells to the external environment.

In the studies performed for this work, extracellular levels start at around 30% of total 

and rise to 80% at the end of the fermentation - perhaps because of cell lysis (much 

foaming was seen during this fermentation). This is inconclusive however, as cell 

growth seems to progress in a similar fashion to that experienced by both Gill and 

Harrison.

5.3.2 Fed-batch Production of D l.3 Fv

Because of low titres in the batch fermentation, and long fermentation times (anywhere 

between 15 and 36 hours depending upon process decisions taken by the operators), it 

was decided to take a fed-batch approach to this fermentation. This involved simply 

removing the glycerol from the medium and feeding it in a controlled manner. However, 

because the medium contains yeast extract, the cells still have carbon source available 

within the vessel even though glycerol is not present. This means that growth occurs 

anyway, up to a point where carbon source exhaustion is encountered. At this point an 

exponential feed of glycerol was applied. However, because of the complex nature of 

yeast extract, it is not easy to spot the carbon source exhaustion even when mass 

spectrometry is available for off-gas analysis so that OUR and CER shifts when carbon 

sources are changed can be detected.

Figure 5.3 shows the type of results encountered with the fed-batch approach to this 

fermentation. All fermentations contained only a small amount of glycerol (0.5 g.L'*) 

upon inoculation. Biomass production seems to be similar to that of batch fermentation.
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Figure 5.3: Production of biomass during fed-batch fermentation of E. coli BMH 

71-18 producing D1.3 Fv.

Growth profile in fed-batch fermentation (□ , O, A , V ). Two fermentations with antibiotic omitted are 

also included (■, • ) .  A growth profile from a batch fermentation performed in the same vessel is shown 

for comparison ( ................ ).
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When investigating the effect of fed-batch fermentation on production of D 1.3 Fv, there 

are a few interesting points. Figure 5.4 shows the titres of D 1.3 Fv produced in fed- 

batch fermentation, the time axis has been normalised to feed commencement time. 

This has been taken as time zero, so all negative time values refer to the batch phase of 

fermentation and all positive values refer to fed-batch phase. This has the effect of 

synchronising all results from the fermentation to the common start point of feeding.

It can be seen that in the majority of cases production of D 1.3 Fv begins within 2 hours 

of feed commencement. It is immediately apparent that the majority of fed-batch 

fermentations produce more D1.3 Fv, both in total (around 20 mg.L'^) and extracellular 

amounts, than batch fermentation in the vessel used. This is likely to be because the 

specific growth rate has been reduced by feeding the nutrient allowing more time to the 

cells for plasmid replication and production of D 1.3 Fv.

There are a few things to observe from Figure 5.5 - production of D1.3 Fv seems to be 

similar in most of the fermentations, slightly higher than the average in fermentation # . 

Also, fermentations □  and V  secrete their full complement of D 1.3 Fv. This seems to 

be associated with the great amount of foaming observed with this fermentation in the 

vessel used. Significant amounts of foam have not previously been reported when 

performing batch fermentation, but it was evident in the batch fermentations 

documented earlier that a lot of foam was produced. This foaming appears to be 

exacerbated during fed-batch fermentation, and is assumed to be due to cell lysis - the 

cells would be under more stress due to reduced nutrient availability. This can lead to 

shedding of plasmid and death due to the presence of antibiotic, or death from 

competition for nutrients, especially toward the end of the feeding phase when carbon 

source is still available but nutrients from yeast extract, nitrogen or phosphorus sources 

may be nearing exhaustion. Fermentations O, A , ■ , and #  retain approximately 50% 

of their product, secreting the rest.
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Figure 5.4: Total and extracellular product levels in fed-batch fermentation o f E. 

coli BMH 71-18 producing antibody fragments normalised to application of 

carbon source feed.
Upper Panel: Total D1.3 Fv production in fed-batch fermentation with antibiotic included in the medium 

(□, O, A , V ). Two fermentations with antibiotic omitted are also included (■, • ) .

Lower Panel: Extracellular D1.3 Fv production in fed-batch fermentation with antibiotic included in the 

medium (□ , O, A , V ). Two fermentations with antibiotic omitted are also included (■, • ) .
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Table 5.3 below presents final total and extracellular product levels and also the 

percentage of product secreted to medium. It is interesting to see that a large proportion 

of product is secreted in most cases - these fermentations have a lot of associated 

foaming, perhaps because feeding of glycerol to the cells may leave them in a 

permanently stressed state as competition for nutrient takes place, and so they may lyse 

easily - as stated above.

Fermentation Total D1.3 Fv 

(mg.L^)

Extracellular D1.3 Fv 

(m g.L ‘)

Percentage D1.3 Fv 

secreted at 

fermentation end

□ 21 20 95

O 20 12 60

A 19 10 53

V 15 17 100

■ 18 6 33

• 26 10 38

Table 5.3; Percentage D1.3 Fv leaked to medium by fermentation end.
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Figure 5.5: Total specific product titre in fed-batch fermentation, normalised to 

application of glycerol feed.
Upper Panel: Total specific D1.3 Fv production in fed-batch fermentation with antibiotic included in the 

medium (□ , O, A , V ).

Lower Panel: ; Total specific D1.3 Fv production in fed-batch fermentation with antibiotic omitted ■ , • ) .
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The delaying of glycerol presence in the fermenter until growth on yeast extract is 

almost over could slow the specific growth rate (the idea during fed-batch fermentation) 

give the cells longer doubling times, effectively freeing up more of the cell for 

production of D1.3 Fv later on in the fermentations. This is where the fed-batch protocol 

may have the advantage over the batch protocol as the cells can only grow as fast as 

carbon source is introduced to the vessel, i.e. they are growth limited, whereas in batch 

fermentation all carbon source is available at all times and so growth is as rapid as 

possible. In effect, the glycerol feed influences D1.3 Fv production by allowing more 

time for product expression and plasmid replication before daughter cells are produced.

5.3.3 Discussion of Fed-batch Development

The results presented in this chapter represent a continuation of studies from Chapter 3, 

from monitoring batch fermentation onto developing and monitoring a fed-batch 

fermentation system, albeit a different system to that of E. coli producing a-amylase. 

Although not an ideal fermentation, mainly because presence of yeast extract meant that 

this fermentation had a complex medium and therefore possibilities for controlled 

feeding of the fermentation were limited, the lessons leamt during the development and 

subsequent fault detection can be applied to other fermentation development processes.

Once this was established, development of the fed-batch protocol was undertaken and 

finalised simply as removal of carbon source from the medium and open-loop 

exponential feeding of the carbon source once biomass levels were established within 

the vessel from growth on the yeast extract present in the medium.

In preliminary fed-batch experimentation, it was determined that at least as much 

product was formed in fed-batch mode as in batch fermentation. This was the case in 

even the lowest producing fed-batch fermentations. In many cases the fed-batch method 

of fermentation meant that more product was formed. It is thought that this is because 

carbon source was only available in a growth-limiting fashion enabling cells to take 

time to produce D1.3 Fv rather than doubling as quickly as possible (because specific 

growth rate is kept to a value lower the maximum) as is the case in batch fermentation.
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Also, fermentation times were kept to a minimum without the long times (up to 20 

hours) seen in previous experiments by other researchers.

An interesting point is the omission of antibiotic from the medium seems to have no 

adverse effect on D 1.3 Fv production. This is thought to be because the plasmid system 

used is a high copy system and it is unlikely that segregational instability will occur, so 

there should be no fall in production levels. Also, because the specific growth rate 

should be limited compared to the batch fermentation, the cells should have enough 

time to fully replicate their plasmid complement, hence the production levels are similar 

whether antibiotic is included or not.

There is a drawback to the fed-batch mode for this fermentation - because of the 

growth-limiting conditions, the cells appeared to be more stressed and large amounts of 

foaming were seen throughout all fed-batch fermentations. As it is assumed that 

foaming was an indication of cellular damage or lysis, it is likely that when considering 

downstream processing more contaminating protein would be seen in the extracellular 

medium.

As previously it was the extracellular fraction of the D1.3 Fv that was purified to 

provide standards for calibration of biosensor chips etc., this was considered 

problematical because of the extra contaminating protein present. However, because of 

the foaming seen, larger amounts of Dl .3 Fv were also seen in the extracellular medium 

than had previously been the case too.

It is this unpredictability of product location that provides the challenge during 

downstream processing and also necessitates fermentation monitoring - the purification 

route taken is greatly influenced by where the majority of the product lies. Economic 

aspects also play a role - a low value product generally means recovery has to be 

optimised and maximised to maximise productivity, whereas a valuable product means 

that certain downstream losses may be acceptable, within the constraints of product 

development time, patent lifetime and expiry, time to market etc.
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5.4 Monitoring a Process - Production and Purification of D1.3 Fv

The development of a process at pilot scale for the formation and recovery of biological 

materials is a crucial stage in the transition from discovery to real outcomes. The 

prediction of process performance from the bench scale is extremely difficult due to the 

considerable changes in the process engineering environment. For example, shear stress 

effects in the feed zones of continuous centrifuges can lead to considerable changes in 

the properties of the materials being processed (Murrell, 1997). Hence the pilot scale is 

a highly experimental phase of process development. By its very nature it is a time- 

consuming activity and yet is generally on the critical path of product development.

One aspect which inhibits process development at the pilot scale is the lack of 

information of the whereabouts of the material of interest while the process is being run 

e.g. product or key contaminant. Recent developments have started to address this 

problem. For example methods for rapid preparation of samples have included 

automated microcentrifugation (Turner, 1993; Richardson et al., 1996) and cell 

disruption (Saeed, 1995). Techniques for product analysis include stopped-flow analysis 

(SFA, Habib et al., 1997; Habib, 1999) and the use of immunoassay (Harrison, 1996) 

and optical biosensors (Gill, 1995 and 1996; Bracewell, 2000). The application of these 

methods for monitoring and control of operations include precipitation, where 

microcentrifugation and SFA was used to monitor and control fractional precipitation 

(Richardson et a l, 1996), flocculation (Habib, 1999) and chromatography (Habib, 

1999).

The ability to address the whole bioprocess provides the scientist / engineer with the 

means for real-time decision making relating to bioprocess operations. Examples 

include the compromise between yield and purification factor and deciding when to 

change operating variables, for example based on breakthrough on the column capture 

step. Also the improved confidence in bioprocessing gained from accountability of the 

product entering and leaving operations can aid decision making and speed up the scale- 

up and data gathering process.
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5.4.1 Process Monitoring Using the Optical Biosensor

The development of the fermentation to produce the biomass and product has been 

previously described, but in this case was scaled up using the same logic as detailed in 

Section 3. The seed train for the fermentation thus followed a similar pattern as in 

Section 3 scale-up experiments, and is depicted in Figure 5.6. It can be seen that the 

seed train progresses from glycerol stock to shake flask and seed fermentation and 

finally to production fed-batch fermentation.

Figure 5.7 shows the downstream processing schemes adopted for purification of the 

two product streams. The first stream is the clarified fermentation liquor containing the 

‘leaked’ product, which is approximately 40% of the total D1.3 Fv produced. This is 

filtered to remove any debris still present, which may adversely affect chromatography 

performance. The filtrate is then loaded onto the affinity chromatography column. This 

should capture all bioactive D1.3 Fv while contaminants will not be retained and will 

either pass through the column or be washed from the column in the wash step. Elution 

of the column-captured protein yields purified D1.3 Fv with single band purity on SDS- 

PAGB analysis (Bracewell 2000).

The lower panel of Figure 5.7 shows the preferred route for purification of the 

intracellular product fraction. After separation of the cells from the liquor in the Carr 

powerfuge, a point is reached where the cells can be conveniently stored at -70°C to 

await further processing. When processing is restarted, the cells are thawed and 

resuspended to an optimum concentration for the next stage, high pressure 

homogenisation. 2 passes at 500 bar releases all of the product from the cells and the 

mixture is then centrifuged again to remove debris from the stream. Filtration then 

follows to polish the product stream prior to the affinity capture stage.

It was deemed to be worthwhile processing both streams because of the amounts of 

product which it was thought would be produced - it was hoped that upwards of 6 g of 

D1.3 Fv would be available. This is a significant amount and if captured and purified 

successfully would lay the foundations for research programs for 2 or 3 other projects.

D1.3 Fv Chapter, Page 188



Enhanced Definition and Process Confidence During Fermentation via Direct Product Monitoring

Glycerol
stock

B

Shake
flask

A
Seed 

fermentation 
(14 L)

W

Broth stored 
at 4 deg C 

in azide

Tubular bowl 
centrifugation 

(Carr powerfuge)
Production fed-batch 
fermentation (450 L)

Cells stored 
at -70 deg C

Figure 5.6: Flow diagram depicting the scaled-up production of D1.3 Fv.

Scale-up of the fermentation follows the same rules and parameters as for scale-up o f the a-amylase 

producing fermentation from Section 3.
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Figure 5.7: Downstream processing options for the purification of D1.3 Fv 

produced in pilot scale fed-batch fermentation.

Scheme A: Broth stored at 4°C is polished with a 0.2 pm process scale fdter to remove particulates and 

then loaded on to an affinity purification column. Elution yields a pure, bioactive product.

Scheme B: Cells stored a t-70°C  are thawed and resuspended. This aids release o f the intracellular D1.3 

Fv to the external environment by the freeze-thaw action. Release is further increased with a 

homogenisation stage. Debris from the homogenised cells is removed in the Carr powerfuge, and the 

resulting product-containing liquid is polished with a 0.2 pm filter and loaded onto the affinity 

purification column. Elution o f the affinity-captured molecules yields pure, bioactive D l.3  Fv which may 

be used for further experimental trials.
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5.4.2 Fermentation Monitoring

The fermentation used was fed-batch fermentation. As such, problems could have 

occurred with the process because the fermentation had never been performed 

previously at this scale. Scale-up from 7L to 14L had previously resulted in levels of 

periplasmic product decreasing from a peak in 14L culture. This was thought to be 

because of the larger impeller and higher shear rate seen in this vessel causing more cell 

lysis and product leakage (Bracewell, 2000).

Due to the high plasmid stability of this system it was assumed there would be no 

production problems with this fermentation, however the addition of the extra seed 

stage gave cause for concern that plasmid stability could become an issue because of the 

extra number of generations involved in the process. It was thus a priority to closely 

monitor the fermentation at all times in order to ascertain if problems were occurring.

Figure 5.8 depicts the results gained during the scaled-up fed-batch fermentation. The 

line fit through the points was formed with a non-linear expression including terms for 

lag, exponential and stationary growth phases (Bailey and Ollis, 1986). When a drop in 

CER and OUR was observed, the feed was commenced. It can be seen from the traces 

that this occurred approximately one hour early as OUR and CER are still increasing. 

The fluctuations in OUR and CER were be attributed to the complex nature of yeast 

extract, where many differing carbon sources are present.

It can be seen from the growth profile that an initial lag phase is followed by 

exponential growth, all of this occurring on reduced glycerol presence and yeast extract. 

Upon commencement of feeding, a slower exponential growth phase is encountered 

while the cells utilise only glycerol fed in an exponential manner. This occurs until the 

fermentation is curtailed for downstream processing.
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It can be seen that while in exponential growth at uncontrolled growth rates, i.e. during 

batch growth, there was very little product accumulation. However, when feed 

commenced production of intracellular Dl.3 Fv begins. The total product level rises 

rapidly approximately 2 hours after commencement of feeding. At this point levels of 

extracellular Dl.3 Fv (leaked from the periplasm) were also observed to rise.

This phenomenon was also seen in the trace of total specific concentration of Dl.3 Fv, 

where a constant level was seen before a rise in specific concentration from 9.5 hours 

onwards. It is thought that the greater doubling time of the cells during the controlled 

feeding allows more time for production of antibody fragments from the plasmids, 

rather than the cells simply growing in an uncontrolled, rapid manner.

5.4.3 Unit Operation Monitoring in Downstream Processing

Two different product streams were processed in this scheme, but there was a degree of 

overlap between the processing. The main difference between the streams was that the 

cells containing the product needed to be broken open in some way in order to release 

the product for further processing. Once the product was in the extracellular 

environment then the cellular debris could be removed. Both streams then followed the 

same downstream operations of filtration and affinity chromatography.

5.4.3.1 Cell and Cellular Debris Removal

After completion of the fermentation phase, the broth was chilled and passed through 

the Carr powerfuge to separate the cells from the broth. Two product streams were thus 

formed, one consisting of the spent media and extracellular fraction of the Dl.3 Fv. This 

was stored at 4 degrees C for processing at a later time. The second product stream 

consisted of the cells and the intracellular product. This was stored at -70°C and 

processed later.

Direct product monitoring was performed throughout the centrifugation exercise in 

order to ascertain the degree of cell shear during the operation. This enabled
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determination of product leakage from the cells during the chilling and cell recovery 

stages of the process. Issues that product monitoring help with are thus unit operation 

(clarification) performance, product placement pre- and post-centrifiigation and whether 

this changes significantly, and also whether damage to product has occurred - does total 

product level fall due to shear forces within the centrifuge? Optical density monitoring 

of the clarified output of the centrifuge can also aid in decision making - when is the 

tubular bowl becoming full? This is easily observed as a rise in supernatant CD as 

clarification efficiency drops as the bowl fills.

5.4.3.2 Cell Disruption

Whilst the clarified fermentation liquor can be stored at 4 degrees C and processed 

when required, the cells are stored at -70 degrees C. When processing is required the 

cells can be defrosted and resuspended. The freeze-thaw action associated with this 

stage releases a certain amount of product to the external environment. Some cells still 

remained intact, however, so homogenisation in a Manton-Gaulin Lab 60 homogeniser 

at 500 bar and 5 degrees C is employed (two passes).

Direct product monitoring was employed during these stages to ascertain product 

location. However, the concentration of product in the stream was also of interest in 

ascertaining unit operation performance. For example the amounts of product within the 

stream could be affected if the operation denatures the product, whether by freeze-thaw, 

shear, heat generation, protease action etc. Obviously if a large proportion of product is 

going to be lost during these operations then alternative, less damaging procedures are 

required.

After disruption, the Carr Powerfuge was employed again, for removal of cell debris. 

5.4.33 Filtration

The stored broth was passed through a depth filter to remove any debris still present 

post centrifugation. While filtration is a simple operation, monitoring can aid process
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performance - for instance when does the filter require changing, does blinding occur 

etc.? Process monitoring in this case can be aided by differential pressure measurement 

across the filter which will indicate very clearly when the filter has blocked.

Other performance measures can also be applied. Optical density measurements pre- 

and post-filtration will help to ascertain the success of the operation with respect to 

clarification of the liquid. Direct product monitoring will also help in mass balancing 

the operation - does the product pass through the filter easily, do shear forces at the filter 

surface denature the product, does the product bind to the filter? All of these questions 

may be answered in a rapid fashion enabling faster process development.

These monitoring regimes were, of course, applied to the filtration of the clarified cell 

homogenate too.

5.43.4 Affinity Chromatography

The broth and clarified homogenate were then applied directly to a 500 mL affinity 

chromatography column. This is a very efficient step in the system, which allows 

capture of the protein from a complex mixture to almost single band purity on an SDS- 

PAGE gel.

Product monitoring can give us an indication of process performance - chromatography 

stages are usually quite well defined, but repeated use of columns can lead to their 

deterioration and thus less efficiency in terms of purification or indeed of column 

capacity. For instance, over time the ligands used to capture the target molecule during 

affinity chromatography may become unattached from the column and lost, or they may 

irreversibly bind molecules and so the capacity of the column may be adversely 

affected. Also, the capture ligand may become denatured and again capacity for the 

target molecule may be lost.

Monitoring over the lifetime of a column can highlight these changes and aid decision 

making as to when it is necessary to discard a column and use fresh capture media.

D l.3  Fv Chapter, Page 195



Enhanced Definition and Process Confidence During Fermentation via Direct Product Monitoring

Product monitoring may also be used to ascertain breakthrough of the column, i.e. when 

the target molecule passes directly through the column rather than being retained on the 

column matrix. While traditionally chromatography uses U.V. monitoring at 280 nm 

(proteins adsorb most at this wavelength), this will not tell the user whether 

breakthrough of product is occurring. However, most chromatography applications 

occur towards the end of a process when high concentrations of product are seen. It is 

thus assumed that protein breakthrough will primarily be product. This is not the case 

here, and because the affinity chromatography step is so specific, protein will 

breakthrough the column while product capture may still occur. Simply by monitoring 

the effluent of the column periodically, product column breakthrough can be 

ascertained, and when the desired breakthrough point is reached the column can be 

washed and the product eluted.

Figure 5.9 depicts the results from monitoring the loading of the column. As can be 

observed, the loading from the extracellular fraction (fermentation liquor) takes in the 

region of 10 hours before breakthrough is seen. This is because of the low concentration 

of product in the liquor. However, because the majority of the product can be captured 

on the column whilst contaminating proteins are washed through, the capture step is 

very efficient.
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Figure 5.9: Breakthrough of a 500 mL Affinity Column loaded at 3 litres/hour 

with clarified E. coli supernatant and clarified E. coli homogenate.
Upper panel: Breakthrough o f the column when loaded with extracellular process stream

Lower panel: Breakthrough o f the column when loaded from homogenised process stream

The Hen Egg Lysozyme affinity column was loaded with E. coli supernatant or clarified homogenate

containing D l.3  Fv antibody fragments at S.Snig.mL"’ and 120 mg.niL'’ respectively.
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Alternatively, breakthrough of the homogenised fraction occurs very quickly, because 

the cells were resuspended at a high concentration in order that homogenisation could 

be performed at an optimum level and therefore the concentration of Dl.3 Fv in the 

homogenate was much higher than in the supernatant fraction that was processed.

After loading the column was washed with diethylamine buffer (50mM, pH 10) to 

remove non-specifically bound contaminants.. Monitoring of the wash stages can yield 

similar quantitative and process orientated results - how much product is lost during the 

wash stage, i.e. not strongly bound, or remaining unbound within the column after the 

load step? While losses may be expected to be minimal, this may be affected by the 

degree of column breakthrough desired in the load stage. Also, the concentration of 

product in the feed may affect this - if the concentration is high, more product remaining 

unbound in the column will be washed out and lost.

Elution of the specifically bound Dl.3 Fv antibody fragments can then take place using 

diethylamine buffer (50mM, pH 12). The eluted material is brought back to neutral pH 

with Tris buffer (2M). The process of elution is seen in Figure 5.10. In the upper panel, 

the product is eluted from the column as a single peak. The OD280 trace mirrors the 

product data from the biosensor indicating there are no contaminating proteins eluting 

on either side of the product peak. This has also been observed by Bracewell (2001) 

where the eluent gives single band purity on a SDS-PAGE gel.

The lower panel illustrates the elution of the homogenate-loaded column, where it can 

be seen that elution occurs in a similar fashion from the product results. However the 

OD280 trace indicates the presence of contaminating material within the eluate, seen by 

the width of the trace and the step on the leading edge of the peak.

The graphs also illustrate the recovery for the elution process plotting the recovered 

product as it was eluted from the column to final recovery level of approximately 80%. 

The majority of these losses are likely to be during elution, which occur due to harsh 

nature of the elution buffer damaging the bioactivity of some of the product.).
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Figure 5.10: Elution of a 500 mL Hen Egg Lysozyme Affinity Chromatography 

Column.
Upper panel: Elution o f  the column when loaded with the extracellular process stream 

Lower panel: Elution o f the column when loaded from the clarified homogenised process stream
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5.5 Mass Balance Along the Process

Although direct product monitoring has been used to give an indication of occurrences 

during the processing of extracellular material and intracellular material, the wealth of 

information gained at every stage of the process can also be used as a tool to look at the 

overall process. Using direct product analyses along with, for example, clarification 

efficiencies during centrifugation, it is possible to speed up the pilot plant development, 

meaning less experimental work is needed to characterise the process.

Tables 5.4 and 5.5 show the experimental results gained during the mass balancing 

exercise. Table 5.4 refers to the processing of the extracellular D1.3 Fv. This starts off at 

32 % of total product, but increases to around 40% of total during the chilling and cell 

harvest stages, due to cell lysis in the fermenter and within the tubular bowl centrifuge.

It can be seen at this stage that the mass balancing provides data on product losses 

which may be suspected but not proved quantitatively without performing this exercise. 

It can be seen that there are 2 discharge streams from the centrifuge, one referring to the 

collected cells (stream 4), the other (stream 3) refers to the liquid carry over which 

occurs upon discharge of the centrifuged cells. The main losses in the extracellular 

process are in the chromatography stage where 10% was lost in the breakthrough on 

column loading. Also, although 1660 mg of product are applied to the column, only 

83% of this can be accounted for in the mass balancing exercise - it can be assumed that 

the remainder of the product was denatured either within the loading step or in the harsh 

wash and elution stages, where diethlyamine is used as the elution agent at pH 10 and 

pH 12 respectively.
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o 0
Ferm entation ► Holding -► Centrifugation Filtration

0
0

0
Load W ash

0 Î

Elute

0-

0

Process

Stream

Volume

(L)

Extracellular 

D1.3 Fv 

(mg.L'*)

Total 

extracellular 

D1.3 Fv (mg)

Percentage 

total 

extracellular 

D1.3 Fv

Total 

D1.3 Fv 

(mg.L‘‘)

Total D1.3 Fv 

(mg)

Percentage 

total 

D1.3 Fv in 

stream

1 206 6.4 ± 0.25 1320 ± 5 0 100 20 ± 1.1 4120 ± 230 100

2 206 7.6 ±0 .3 1570 ± 6 0 100 20 ± 1.1 4120 ± 230 100

3 2 8.3 ±0.3 16.7 ± 0.6 1 -

4 4 N/A < 2 0.15 560± 40 2 2 4 0 ± 160 54

5 200 8.3 ±0.3 1660 ± 60 100 40

3+4+5 206 - 1680 ± 6 0 - 3900 ± 220 95

6 200 8.3 ±0.3 1660 ± 6 0 100

13 198 0.81 ± 0 .4 160 ± 6 10

14 10 - - -

15 10 5.3 ± 0.25 53 ±2 .5 3

16 3 - - -

17 3 390 ± 20 1170 ± 5 5 70

13+15+17 211 1383 ±63.5 83

Table 5.4: Mass balance along extracellular stream processing options.

Fermentation - 206 L processed at 6 g.L'  ̂ dry cell weight (approx. 20 g.L'^ wet weight) , product 33 % 

extracellular.

Holding stage - whilst chilling, periplasmic product leaks into medium (39 % extracellular).

Centrifugation - shear stress releases further product into medium (42 % extracellular). Only 200 L in 

Carr powerfuge exit streams as approximately 2 L lost in overflow and sampling (= to 1 % loss o f  

potential extracellular product).

Filtration - 200 L taken into fdtration process and stored pending purification. No product loss.

Stream 4, 4 L cell paste (approx. 4 kg) stored at -70°C pending further processing.
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Matters are different in the monitoring of the intracellular processing route. While the 

majority of the product was in the cellular fi-action, it can be seen that most of this 

product was released during the resuspension stage. It is pleasing to note that storage of 

the cells at -70°C did not in any way damage the product. Post-homogenisation, all of 

the product is released to the external environment, which is to be as expected.

Here the monitoring has value, highlighting that perhaps only one pass through the 

homogeniser would result in 100% release. This would aid the process later on, because 

small debris generated during the homogenisation is not removed during the 

centrifugation and indeed remained in solution and was not removed in the filtration 

stage. It is thought that this debris (and associated contaminating proteins) was the cause 

of the strange OD280 trace seen in the lower panel of Figure 5.10.

It can be seen that in the centrifugation stage, approximately 660 mg product was lost to 

the cell debris fraction and to the overflow on discharge of the centrifuge. This was 

approximately 25 - 30% of the total product processed during this scheme. This would 

indicate that further investigative work may be required on the release and recovery 

stages here. Obviously, because the product was at such a high concentration, losing 

volume at discharge of the centrifuge loses a lot of product, a phenomenon not seen 

when working with relatively low concentration liquids such as the fermentation broth 

processed in the extracellular scheme.

No product was lost during the filtration stage, leaving only the chromatography stage. 

However, losses from column breakthrough and washing were minimal, but only 75% 

of the loaded product is regained from the column. Taking into account losses due to 

load and wash, this means approximately 17% of the loaded product was denatured / 

lost in some way during the chromatography stage
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1 Homogenisation Centrifugation \
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0 0
Filtration

0

Load W ash Elute M22

Process

Stream

Volume

(L)

Extracellular 

D1.3 Fv 

(mg.L'*)

Total D1.3 

Fv

extracellular

(mg)

Total D 1.3 

Fv 

(mg.L"')

Total D 1.3 

Fv 

(mg)

Percentage 

total D1.3 

Fv

4 4 N/A N/A 560± 40 2 2 4 0 ± 160 89

7 20 90 ± 4 1800 ± 8 0 1 1 0 ± 8 2200 ±160 87

8 20 126 ± 11 2520 ± 220 126± 11 2520 ± 220 100

9 3 120+ 12 360 ± 40 120 ± 12 360 ± 40 14

10 3 100+ 10 300 ± 30 100 ± 10 300 ± 30 12

11 14 124 ± 13 1740± 180 124 ± 13 1740± 180 69

9+10+11 20 - 2400 ± 260 - 2400 ± 260 95

12 14 124+13 1740± 180 124 ± 13 1740± 180 69

18 14 5 ±0.3 70 ± 3 .5 5 ± 0 .3 70 ± 3 .5 2.7

19 10 - - - - -

20 10 8.5 ± 0 .4 85 ± 4 8.5 ± 0.4 85 ± 4 3.4

21 3 - - - - -

22 3 430 ±21 1290 ± 70 430 ±21 1290 ± 70 51

18+20+22 27 53.5 1445 53.5 1445 57

Table 5.5: Mass balancing along intracellular processing options.

Resuspension - Stream 4 taken, resuspended to 20 L. N.B. freeze-thaw action releases majority o f  

product.

Homogenisation - 6 batches (approx. 3 L in each) 2 passes continuous mode at 500 bar and 5 C. 

Centrifugation -6 runs, 10 L.h'\ 15200 rpm. Approx. 3 L solid stream regained (stream 10) and 3 L 

liquid overflow (stream 9) while discharging.

Filtration - zero loss o f  product.
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Table 5.6 below illustrates the percentage recovery from each unit operation in the 

production process for both of the processed streams. It can be seen that even though 

both processes began with different amounts of product, because of the losses in the unit 

operations, the processes give similar final end product amounts of around 1.2 g for 

each stream. As the initial amount of product available for bioprocessing at the end of 

the fermentation was 4 g (because only 200L of the 300L available was processed) then 

the combined yield from both processes was approximately 60%.

Unit operation Recovery 

over the 

unit 

operation 

(%)

Overall 

recovery of 

extracellular 

D 1 .3 F V  

(%)

Unit operation Recovery 

over the 

unit 

operation

(%)

Overall 

recovery of 

intra-cellular 

D 1 .3 F V  

(%)

Fermentation 100 >100 Fermentation 100 100

Harvest 100 > 100 Harvest 100 100

Centrifugation 99 99 Centrifugation 99 99

Filtration 100 99 (resuspension) 82 82

Affinity

chromatography

70 70 Resuspension

and

homogenisation

100 100

Centrifugation 69 69

Filtration 100 69

Affinity

chromatography

74 51

Table 5.6: Final Overall Yields
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5.6 Conclusions

The availability of rapid data has demonstrated how the ability to acquire real-time data 

can be applied to a complete bioprocess sequence. This can allow rapid visualisation 

and quantification of the performance of individual unit operations within a process, and 

also give a global view of the entire process.

An example of this was given early in the chapter, where rapidly available fermentation 

data was used to develop a fed-batch fermentation system fi*om the batch method 

normally applied for this system. While the process became more intensive in terms of 

running the fermentation, sampling, analysing results etc., there was also a 

corresponding increase in productivity compared to that of the batch method of 

operation.

Also, when scaling up it was beneficial to closely monitor the fermentation in order that 

any problems which may have occurred could be dealt with, minimising their effect on 

the process. This was of vital importance in this work as many researchers projects were 

dependant upon the product of this process. Also, the fermentation in particular was 

quite expensive due to the scale of performance and the materials required. 

Economically it was vital to perform the scaled-up process correctly and efficiently as 

budgetary constraints meant that the process was to be run a minimum number of times.

It has also been demonstrated that direct product monitoring may have applications in 

the bioprocess development - this may be in the de-bottlenecking of processes, where 

more resource can be diverted to operations along the critical path of the process - for 

example in the chromatographic stages where decisions on the trade-off of yields can be 

made in terms of amount of breakthrough in the loading phase, and fraction collection 

and pooling in the elution phase. This can lead to decisions between yield and purity 

depending upon the value and intended uses of the product.

For example, with a low value product it may be necessary to capture as much product 

as possible in order to maximise profitability of the purification route. With a higher
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value product process losses may be deemed acceptable and so only one purification 

route may be followed, for example processing the intracellular portion of the product 

and discarding the extracellular fraction. This is a simple statement, but encompasses 

the fact that for low volume high value products, such as therapeutics, process 

optimisation may be sacrificed in order to get the product to market as soon as possible 

and start to recoup research and development costs. This is in contrast to high volume, 

low value products where processing and yields must be maximised in order to ensure 

profitability of the process is optimum.

However, it must be said that it is likely that both processing options would be followed 

for an expensive product too -  discarding one process stream of a valuable product does 

not make sense unless the extra processing required becomes prohibitively expensive. 

Of course, it all depends upon the economics of the processing, how the product is 

presented, what the development time is, how much lifetime is left on the patent, what 

the time to market is, whether extra clinical trials are required depending upon the 

processing route etc.

In addition, reducing the lead-time on crucial results which may traditionally be 

obtained by a QA laboratory and take hours or even days, may lead to reduction in 

storage steps where potential breakdown of product or contamination of the process 

stream may occur, thus processing is speeded up and lag times or fallow periods where 

equipment is not being used in process operations can be kept to a minimum.
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6 Global Discussion

In previous Chapters an attempt has been made to discuss the results seen relevant to 

each Chapter. This Section is included here to give a more rounded, overall perspective 

on the work presented in this thesis, and to conclude the work.

It has been seen that there are many and various uses of direct product monitoring - 

from simple quantitation of new recombinant product systems through uses of data for 

process decision making and on to more advanced process control and sophisticated 

high level information systems such as ANN and KB systems described by 

Konstantinov and Yoshida (1992) and Montague, (1997). However, it was the goal in 

this research to examine less expensive and more robust techniques which may be easily 

applied within an industrial situation to gain more knowledge than is perhaps the norm - 

for example without waiting hours or even days for results so that informed decisions on 

processes can be made more rapidly resulting in less storage time for process streams. 

The achievements of this thesis are broadly summarised in the following subsections on 

fermentation monitoring, robust analysis systems and rapid process characterisation.

6.1 Fermentation Monitoring

From a monitoring perspective, the techniques described in this thesis are successful. 

Rapid, at-line analysis of fermentation systems has been performed and proved to be of 

value. This may take the form of simple monitoring for information on production, or 

may indeed be used to give inferred information upon the state of the cells or their 

product expression systems. It has been demonstrated that rapid availability of product 

and biomass data can aid the understanding of production of recombinant expression 

systems and can be used for generation of fermentation databases and fault detection 

strategies.

Although the concept of specific measurement (i.e. measurement per unit mass) has 

been around for a long time, it can often be neglected in the rush to implement what are
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seen as more indicative measures. People seem to rely on measurement of many 

different variables which may then require the aid of sophisticated tools to understand 

what is happening in the process. By reducing the number of analytes to only those 

directly of interest, two advantages are gained - data processing becomes more easy, and 

the overall trend occurring within the bioprocess may become clearer. Obviously this is 

aided not only by rapid analysis, but also by frequent analysis. In fact, sampling and 

analysis times below the doubling time of the cellular population are the ideal (Favre et 

a l, 1990).

6.1.1 Direct Product Information

This may be important from the viewpoint of fermentation development - rapid 

information gathering may be used to ‘fast-track’ fermentations from initial small scale 

work up to pilot scale and beyond. It is envisaged that the main area of use of rapid, 

direct information is in this developmental stage before production is attempted. 

Information gained in the formative stages of a process may be used to develop 

production strategies and to give insight as to how a process may behave when the 

scale-up is finally made to production volumes. Any advancement of the development 

pathway would be very beneficial as it may reduce research and development costs and 

also speed time to market, generating larger profits before patent lifetimes expire.

6.1.2 Fault and Event Detection

In systems where this technique may be used then the monitoring will give indications 

of suboptimal production, whether due to nutrient depletion, plasmid loss or premature 

cell death. In systems such as the one used in Chapter 4, if a maximum product titre per 

cell is known (or expected) then a locus plot may be used to ascertain the performance 

of the induction phase of the fermentation. This would be especially useful where 

cellular growth is still occurring, for example in fed-batch fermentation systems, as the 

production of product may be ‘masked’ by the continuing production of cells - it is 

easier to see changes in specific product levels than in direct product titre, especially 

when product levels are low at the start of induction.
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The use of specific measurements may also be used in constitutively expressed systems, 

where product is expressed all of the time. It has been seen that changes from the 

normal operating conditions may be seen more quickly by applying product and biomass 

measurements than by simply routinely measuring growth of the population and hoping 

for the best. For example, a drop in specific product values over time may mean that 

growth rate is greater than product formation rate and hence indicate an underlying 

problem - perhaps plasmid loss is occurring, or some form of contamination may be 

adversely affecting the cells.

Fault detection depends entirely upon a detailed working knowledge of the system in 

question. This is a by-product of the rapid analysis and data gathering exercises - more 

data means more process experience and therefore better fault detection can be 

facilitated.

6.2 Simple, Robust Analysis Systems

During monitoring use of the available data, and manipulation thereof, has led to almost 

a generic technique of analysis of fermentation production. This would be applicable 

mostly in inducible production systems, where a significant amount of biomass is 

produced before forcing or inducing all cells to make product. This has the advantage of 

causing less stress to the cells whilst growing because there is no product accumulation 

within them during the growth phase and may also lead to very high titres of product 

within a short space of time if the expression system used has been optimised.

In industrial situations it would be preferable to have simple techniques and analysis, 

and also robust techniques. This would mean that process operators could perform the 

analysis - the simpler the operation then less chance of errors occurring. Also, less 

training is required. A generic approach to sampling and analysis would also benefit 

production - in plants where many diverse products are manufactured, a technique of 

analysis which is applicable to all processes would be of great use. This may require the 

production of different biosensor chips for use in equipment, such as the biosensor used
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for analysis in Chapter 5, but then training would only be required for use of the 

biosensor, and not in many diverse analysis systems.

Robustness of techniques applied is not generally an academic concern - most research 

papers are just that, research. The applicability of processes to industrial situations is 

often neglected, or appended to the end of discussions as an afterthought. Often this 

afterthought takes the line of ‘more development work is required to make this 

technique more robust’, but this very rarely happens - research is performed, techniques 

are proved to work or have applications worth following up but the follow up and 

developmental work is not done. So many useful techniques which may be industrially 

applicable if  more developmental work were performed are simply left because no-one 

wants to do the development.

6.3 Rapid Process Characterisation

It is advantageous for the bioprocess engineer to spend as little time as possible in pilot 

stages of process development in order that time to market for a product can be reduced, 

thus increasing profitability before patent lifetime ends. However, in order to reduce 

development time and get a process into production facilities as quickly as possible, a 

great deal of information must be gathered and analysed. It is obvious, therefore, that 

rapid, real-time information would be an aid to the speedy development of robust 

production processes. Not only is the information available when processing, enabling 

faster and more effective decision-making and facilitating an efficient and cheaper 

process, but the advantage of having direct product monitoring may also lead to more 

experiments in a shorter space of time than normally seen.

Once direct product monitoring is established within a facility then it is not just the 

production stage that will benefit. Obviously the rapid availability of information will 

lead to quicker optimisation of the production stage. But the usage of directly available 

information may also be applied to stages downstream of the primary production. This
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would lead to greater optimisation of the downstream processing, minimising process 

losses and increasing productivity and profitability.

If analysis is complicated then the time lag between sampling and result may also 

produce problems - waiting hours or even days for results can hold up processing 

leading to production bottlenecks and perhaps the necessity for large volume holding 

stages and expensive storage equipment. This is obviously not ideal, especially in 

biological processes where protease action may be continuously occurring, reducing 

product titre. The processes can therefore only be halted at appropriate stages, for 

example when storage of product streams can occur with little or no reduction in titre or 

damage to the product. The utility of rapid monitoring of product (and also 

contaminants, if possible) will therefore allow rapid analysis detailing what is 

happening to the product without the delays traditionally associated with result 

generation from separate QA departments.

This would halt the apparent ‘blind’ processing that can occur when information is not 

readily available - it is not unheard of for purification strategies to be well underway 

before any information is generated as to how much product was available for 

processing at the end of the fermentation stage. It may also be the case that product is 

lost during downstream processing and the non-viable process continues because the 

information is not directly available. Thus rapidly available, direct information may help 

errors in processing to be avoided and will also concurrently reduce costs.

The benefits may not just be reaped on new process and products either. It has been seen 

in latter years that the penicillin production process has, due to market forces, been 

optimised and improved over the initial process. This has been due to strain and process 

improvements - higher producing strains have been utilised, selected by screening 

studies and also by genetic manipulation. Also, engineering studies of the production 

process have lead to developments in the equipment used to grow the cells and to 

separate the product. Rapid availability of direct product titre and placement will also 

have an effect on this process improvement cycle, not only for penicillins but for many 

biotechnological processes. As processes become less and less efficient financially, due
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to the availability of generic copies of the products from competitors, then any 

advantages that may be available due to the continuing development of processes will 

be sought.

6.4 The Future

There are many advanced monitoring techniques which have been investigated recently 

which are applicable to the type of monitoring and information philosophy presented 

within this work. NIR analysis is a technique which could give direct product 

information, as well as medium composition, biomass presence and nucleic acid 

concentration. This powerful tool could be used to generate many analyses from a single 

sample. Obviously, the data generated needs to be ‘filtered’, or treated, in order to 

deliver meaningful results, and this may often be performed initially with historical data 

forming training datasets to allow models of different systems (for example E. coli, S. 

cerevisiae etc.) to be setup. This technique is applicable not only to fermentation 

monitoring, but also right down the downstream processing chain, and could help the 

bioprocess engineer to quickly and accurately develop process modelling and 

production data of the type seen in Chapter 4.

Non-invasive monitoring is probably the way forward nowadays - not only is sampling 

reduced from the production stream, but contamination problems can be eliminated 

because sampling is not required. Techniques such as 2-D fluorescence, and NMR are 

being investigated. As they produce multivariate analyses in a similar way that NIR 

monitoring does then the same sort of data processing may be applied, be that by way of 

neural network, expert system or even multivariate statistical approaches.

Rapid product analysis is also advantageous in other ways. For example, in situations 

where automated analyses become possible then information on product location, as 

well as titre, can become available. This would then open up the possibilities of 

‘directing’ fermentations - can we dictate the product location (intracellular, 

extracellular), concentration, presentation, in order that DSP can be facilitated in an easy
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way. This information will also influence the development of the downstream 

purification strategy from an early stage, again reducing development time. Also, rapid 

data availability during DSP may help process decision making - for example what 

effect do holding strategies have on cells and product, do cell recovery operations affect 

product location, is product denatured during certain operations?

The information on product location and concentration and possibility of directing 

fermentation leads us to the intriguing possibility of operating process windows - 

instead of performing a process in a set manner every time, perhaps the engineer would 

like the flexibility to ‘tweak’ certain parameters. For example, a more practical aspect 

arising from this work would be to track the product during the fermentation, and use 

the available data to ‘direct’ the fermentation. Tracking specific product concentration 

on a locus plot as envisaged in Figure 4.8 may allow detection of overfeeding, 

underfeeding etc. and may allow process parameters to be altered to correct for any 

deviations seen and bring the process back within the operating parameters, or window, 

defined for it.

Therefore, if rapid, direct measurements can enable better understanding of the 

production systems, then it should also be possible to ‘push’ or ‘direct ‘the process 

down the same downstream route every time, with allowance for slight changes which 

can easily be coped with. It can be argued that as long as the product can be traced back 

through the production chain, and as long as it meets its predefined purity criteria, then 

why shouldn’t this form of flexible processing be allowed. If the final outcome of the 

total production and purification process is a therapeutic which meets its criteria of 

composition and purity every time, then why does it matter what format the production 

of that therapeutic takes?

It should be noted, however, that regulatory authorities and GMP approaches are 

pushing the other way. Flexible processing, although an academically ideal ‘blue-sky’ 

approach, is not practicable or desirable in the world of therapeutic and pharmaceutical 

products - reproducibility and reliability are required. This was introduced in Section 

1.1.5 of this report, where reproducibility for product recovery was discussed. As
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product purity and quality criteria dictate the processing, and rigid processing routes and 

accountability are an essential aid in reducing batch-to-batch variability, then in the real 

world the opportunities for flexible processing are severely limited. It may be plausible 

soon, however, for the regulatory authorities to be convinced of the merits of processing 

windows, meaning they would accept slightly more flexible control apart from the 

standard parameters currently controlled and accepted as the norm.

This would make it possible to process a little more flexibly within the operating 

constraints seen nowadays. For example a typical fermentation strategy may normally 

state to run the production fermentation for 72 hours. A more flexible approach would 

be to run the fermentation until a predefined biomass or even product concentration is 

seen, and begin DSP at this point. Even more advanced knowledge would enable this to 

become ‘perform production fermentation until a peak in product concentration is seen, 

at which point begin separation process’. Thus, the effect of having the process window 

is to optimise production stages. This would then also take account of any lag in the 

production stage. Perhaps even in advanced strategies it may be possible to detect faults 

such as malfunctioning probes, or omission of medium components, and correct the 

process for these faults thus saving a production batch instead of turning all equipment 

round and starting over again.
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Appendix 1: Release of intracellular protein from E, coli in the Constant 

Systems homogeniser.
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Release o f intracellular protein from E. coli in the constant systems homogeniser. Cells were passed through 

the homogeniser once and percentage release o f  protein ascertained. 100% release was determined from 

samples passed through the homogeniser for 1, 2, 3, 4 and 5 passes at pressures o f 15000, 20000 and 30000 

psi. Negligible degradation o f product occurred even after multiple passes at higher pressures.
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